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Abstract
The problem of planning for a robot that operates in environments con-
taining a large number of objects, taking actions to move itself through
the world as well as to change the state of the objects, is known as
task and motion planning (tamp). tamp problems contain elements
of discrete task planning, discrete-continuous mathematical program-
ming, and continuous motion planning, and thus cannot be effectively
addressed by any of these fields directly. In this paper, we define a class
of tamp problems and survey algorithms for solving them, character-
izing the solution methods in terms of their strategies for solving the
continuous-space subproblems and their techniques for integrating the
discrete and continuous components of the search.
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1. INTRODUCTION
Robots are playing an increasingly important role in society, and their range of applications
is rapidly expanding. These applications have traditionally been in structured environments,
such as factories, where the robot’s interactions are limited and a behavior can be directly
specified by a human. However, many of the most exciting potential applications of robots
are in highly unstructured human environments such as homes, hospitals, or construction
sites. In these applications, the robot will generally be tasked with a specific goal, such as
cooking and delivering a meal to an elderly resident, but the actions necessary to achieve
the goal will vary enormously depending on the state of the environment. For example, the
robot might need to open cupboards and remove objects in order to retrieve a bowl that is
necessary for preparing the meal (Figure 1). Directly specifying the full behavior policy for
a robot operating in these unstructured environments is not practical because the required
policy is too complex.
Since the earliest days of robotics, there has been an interest in automated planning,
developing algorithms for deciding what sequence of commands the robot should execute in
order to accomplish some goal (1, 2). The first class of planning problems that arises is to
move the robot from one state to another without colliding with objects in the world. This
motion planning problem was formulated by Lozano-Pe´rez (3) as a search for paths through
the robot’s configuration space, a space with dimensions representing the controllable joints
of the robot, and has been the focus of a great deal of algorithmic development. The most
effective methods are based on sampling (4, 5) or constrained optimization (6, 7).
Collision-free robot motion is important but does not enable the robot to alter the
world. In order for the robot to, for example, move objects by picking them up and placing
them, planning needs to consider a much larger space that encompasses the entire state of
the world, which includes any objects the robot has grasped, the grasps it is using, and the
poses of the other objects. Conceptually, it makes sense to try to directly extend motion
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Figure 1: The specified goal is for the contents of the blue cup to end up in the white bowl.
Because the green block obstructs reachable grasps for the blue cup, a tamp algorithm
automatically plans to relocate the green block before picking up the blue cup and pouring
its contents into the white bowl. From left-to-right and top-to-bottom: the robot picking up
the green block, the robot placing the green block, the robot picking up the blue cup, and
the robot pouring the blue cup’s contents into the white bowl (8).
planning methods to apply to entire world states, but this approach fails algorithmically.
The entire world state, seen as a single kinematic system, is highly under-actuated, in the
sense that from any configuration, most of the degrees of freedom cannot be changed at
will. The robot can only change the position of an object by moving over and touching it.
It is critical to understand the underlying topology of these spaces in order to plan
in them. Work by Alami et al. (9, 10), Branicky et al. (11, 12), and Hauser et al. (13,
14) observed that the configuration space of the world has important modal structure:
depending on where the objects are placed and how they are grasped, the legal changes to
the world are in a different mode or feasible submanifold of the full space. Furthermore, it
is only possible to change modes by moving to an intersection of the feasible space of the
current mode and a new one, which is in general an even lower-dimensional subspace. For
these reasons, planning is best viewed as a hybrid discrete-continuous search problem, of
selecting a finite sequence of discrete mode types (e.g., which objects to pick and place),
continuous mode parameters (such as the poses and grasps of the movable objects), and
continuous motion paths within each mode to a configuration that is in the intersection
with the subsequent mode.
The artificial intelligence (AI) community has addressed problems of planning in very
large discrete domains (15). Their techniques derive leverage from factoring, a source of
combinatorial structure in planning problems. Factoring is used to decompose the state
space of the world into the Cartesian product of several subspaces, represented in terms
of different state variables. Factoring enables compact representation of the actions that
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can be performed on a state: these are generally described in terms of a small set of state
variables that can be changed (while the others are held constant), as well as a condition on
other variables that must be satisfied in order for the action to be executed. Furthermore,
the AI planning community has developed a repertoire of very effective, domain-independent
search algorithms that exploit this type of action representation (16, 17, 18).
Research in task and motion planning (tamp) seeks to combine AI approaches to task
planning and robotics approaches to motion planning. A critical requirement for gener-
ality in approaches to tamp actually lies between discrete “high-level” task planning and
continuous “low-level” motion planning: an intermediate level of selecting the real-valued
mode parameters, such as how to grasp and where to place an object, which govern legal
continuous motions of the system. This class of problems is computationally difficult in
theory (19, 20) and requires algorithmic sophistication in practice.
1.1. Example
An essential component of tamp problems is the interdependence of the motion-level and
task-level aspects of the problem. Approaches that treat these independently, without con-
sidering their complex interplay, are unable to solve the general class of problems. Consider
a problem in which the robot’s goal is for a particular pot (named A) to be placed on one
of the burners of the stove. If the planner ignores the geometric aspects, it might select a
high-level plan “skeleton” of the form:
[moveF(q0, τ1, q1, p0), pick[A](q1, p0, g), moveH[A](g, q1, τ2, q2), place[A](q2, p1, g)]
where the moveF action involves robot movement when its hand is free, and the moveH[A]
action involves robot movement when holding object A1. This plan skeleton has free param-
eters involving robot configurations (q0, q1, q2), a grasp pose (g), placement poses (p0, p1),
and paths (τ1, τ2). The skeleton imposes constraints on the choices of those values that will
enable the plan to achieve the goal. Given this skeleton, it is now necessary to find values
for all of these parameters that satisfy the constraints. It may be that there is no satisfying
set of values; for instance, a kettle could be occupying the target burner, preventing any
safe placement of the pot. In this case, a new skeleton is necessary: the robot will need to
first move away the kettle and then place the pot on the stove. This example demonstrates
a change in the high-level plan that is necessitated by the low-level geometry.
1.2. Scope
To keep the scope of this survey manageable, we limit the class of problems addressed,
and discuss a variety of extensions in Section 4. In particular, we assume that: 1) actions
are deterministic, 2) the state of the world is completely known, 3) the robot and every
object in the environment is a kinematic assembly of rigid bodies with known shapes, 4) the
robot is holonomic, and 5) the goal is specified as a set of requirements on the final robot
configuration, object poses, and possibly other state variables such as the cooked state of
a dish. This class of problems encompasses a number of problems studied in the robotics
community: pick-and-place planning (21), manipulation planning (22), navigation among
movable obstacles (namo) (23), and rearrangement planning (24). An important related
1See Figure 7 for a complete definition of these actions.
4 Garrett et al.
line of work uses linear temporal logic (LTL) to provide high-level specifications for tamp
problems with temporally extended goals (25, 26), but it is beyond the scope of this survey.
We begin with basic background in motion planning, multi-modal motion planning,
and task planning (Section 2). Next, we draw from components of these fields in order to
formalize tamp in a manner that allows for many existing approaches to be studied (Section
3.1). We then describe a framework for understanding a broad class of tamp algorithms in
terms of combining (Section 3.3) a search over discrete plan structures with a search over
continuous values satisfying constraints (Section 3.2) induced by the discrete structure. We
conclude with a short discussion of a rich array of extensions and generalizations of this
basic problem class and the approaches to solve them (Section 4).
2. BACKGROUND
tamp rests on foundations in robot motion planning (Section 2.1), multi-modal motion
planning (Section 2.2), and AI task planning (Section 2.3). In this section, we give a
compact overview of each of these planning problem classes.
2.1. Motion planning
The problem of planning motions for a robot with d degrees of freedom can be framed as find-
ing a trajectory for a point representing the robot’s configuration through a d-dimensional
configuration space. More formally, a motion-planning problem is specified by a configu-
ration space Q ⊂ Rd, a constraint F : Q → {0, 1}, an initial configuration q0 ∈ Q, and a
goal set of configurations Q∗ ⊆ Q. The feasible configuration space is a subset of Q that
satisfies the constraint: QF = {q ∈ Q | F (q) = 1}. The objective is to find a continuous
path τ : [0, 1]→ Q such that τ(0) = q0, τ(1) ∈ Q∗, and ∀λ ∈ [0, 1] τ(λ) ∈ QF . The simplest
motion-planning problems involve free-space motion, in which the robot simply needs to
move through space without colliding. Given a set of objects, defined by their shapes and
poses in the world, the constraint F (q) requires that the robot not collide with any object.
Motion planning is pspace-hard, but there are exact algorithms that leverage alge-
braic geometry to solve problems using only polynomial space (proving motion planning is
pspace-complete) (27). Despite this, the two most widely used approaches are sampling-
based motion planning (4, 5) and trajectory optimization (6, 7). Both classes of algorithms
are useful in practice, but are not complete due to the fact that they cannot identify infeasi-
ble problems. Many sampling-based motion planning algorithms can however, under some
robustness conditions, be shown to be probabilistically complete, meaning that the probabil-
ity that they will fail to find a solution, if one exists, converges to zero as the running time
increases. LaValle (28) provides a comprehensive overview of motion planning algorithms.
2.2. Multi-modal motion planning
Multi-modal motion planning (mmmp) extends the problem space of planning to include
changing the state of other objects in the world (13, 29, 14, 30). To formalize mmmp
problems, we need to model changes in the kinematics of the system, extend motion planning
to handle constraints beyond collision avoidance, and integrate these components.
2.2.1. Kinematic graphs. One way to represent the geometric state of many environments
is to encode the state variables collectively as a kinematic graph (28), which makes their
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dependencies explicit. In a kinematic graph, vertices represent bodies and the robot’s
controllable joints, and edges represent attachments. Each edge has an associated relative
transformation between the child body and parent body, which is a pose in SE(3). If each
body is connected to at most one parent body and the graph is acyclic, this is a kinematic
tree, for which the full state of the world can be derived from just the joint values of the
robot q through forward kinematics. The attachments can be of several kinds. The most
straightforward is a rigid attachment, which models an object resting stably on a surface
or a robot grasping an object in a fixed grasp.
Before a Pick Kinematic Switch
q
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Figure 2: The change to a kinematic tree due to picking up the plate. Square nodes are
bodies, and round nodes are robot joints. Lines encode attachments; solid ones are fixed,
and dotted ones may be changed. The robot has two joints (j1, j2), whose current state is
given by configuration q.
Figure 2 represents a kinematic tree for an example kitchen environment that contains
a robot manipulator with two joints (j1, j2), a fixed Table and Stove, and movable objects
Plate, Pizza, and Book. Initially, Pizza rests on the Plate, which itself rests on the Table.
When the robot picks up the Plate, it also transitively picks up Pizza. This change in the
kinematic graph is referred to as a kinematic switch, which is a type of mode switch. After
the switch, as the manipulator moves, the poses of both the Plate and Pizza change with
respect to the world; we move through this mode using the same actuators as before, but
the feasible configuration space has changed.
2.2.2. Constrained motion planning. When the robot interacts with objects in the world,
the effective configuration space is no longer the degrees of freedom of the robot: it cor-
responds to the state of the whole system; we denote this space W. This state can be
described by the discrete structure encoded in a kinematic graph, as well as continuous
values of the transformations on the edges, which encode static relationships. However,
these systems are generally under-actuated, meaning that they cannot be locally controlled
in arbitrary directions, because we can only directly actuate the robot’s degrees of freedom.
Despite this, we can indirectly manipulate these objects by controlling the robot.
We begin by considering a simple “single-mode” problem in which the kinematic graph
is fixed. Figure 3 (left) illustrates a robot gripper pulling a drawer where the gripper pose is
fixed relative to the drawer. Although normally the gripper can translate generally in x, z,
the drawer only has a single degree of freedom, denoted by joint j. The combined config-
uration space of the gripper and the drawer is a three-dimensional space with coordinates
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Figure 3: Constrained motion planning for a system in which a gripper pulls a drawer. The
pose of the gripper relative to the drawer handle induces the 1D mode constraints σ1, σ2.
〈x, z, j〉, but they are constrained by the need to keep the gripper attached to the drawer.
In this and many other manipulation problems, the constraint function F (w), which now
applies to the whole world configuration w ∈ W, includes both the collision-free constraint
and a kinematic constraint, which causes WF , the subspace of W for which F holds, to be
lower dimensional than W. As a result, sampling W randomly will have zero probability of
producing a sample in WF , rendering standard sampling-based motion planning methods
ineffective. This difficulty of sampling motivated the development of constrained motion
planners, which explicitly take these constraints into account and plan within the low-
dimensional space WF .
Dimensionality-reducing constraints are often expressed using a mode parameter σ, a
fixed value that affects the constraint Fσ(w). In general, σ is real-valued. Here, we illustrate
the effect of two different choices of this value, σ1 and σ2. Each stipulates a different rigid
attachment pose between the gripper and the drawer handle. Figure 3 (right) illustrates
the combined configuration space and the feasible spaces WFσ1 and WFσ2 , which are lines.
The modes σ1 and σ2 allow motion of the gripper along different 1D lines in this 3D space,
depending on the grasp of the drawer handle.
The most general approach for constrained motion planning defines sampling and con-
necting operations that project values onto the constraint surface. This is typically done
by starting at a sampled point W and performing local descent on the constraint violation
until convergence. Because this is a numeric optimization, the constraint will generally
never be exactly satisfied, but the samples can get -close to the surface for any  > 0. Sev-
eral approaches have provided probabilistically complete methods for constrained motion
planning using projection (31, 32) and atlas-based techniques (33, 34, 35). See (36, 37) for
a comprehensive survey of these techniques.
When the kinematic graph is a tree, the planning problem is much easier. The set of
pairwise rigidity constraints specify all poses of objects relative either to the world frame
(fixed objects) or to the robot (grasped objects). This collection of poses collectively consti-
tutes a mode σ. We can sample full configurations for the system that exactly satisfy these
constraints by simply sampling the robot’s degrees of freedom q, and performing forward
kinematics to derive the full configuration w.
2.2.3. Multi-modal motion-planning. Constrained motion planning provides a framework
for reasoning about systems with many degrees of freedom, but few actuators. However,
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it assumes that the constraints themselves remain constant, and therefore is not expressive
enough to model multi-step manipulation problems in which the robot must make and
break contact, changing the kinematic graph, and therefore the active constraints on its
motions. In order to model such problems, we must allow the mode to undergo discrete
changes (13, 29, 14, 30). The state of the system is s = 〈w, σ〉, where we can think of
w ∈ W as the collective configurations of the robot and all other objects or mechanisms in
the environment and σ as the additional mode information, indicating for example which
objects are currently attached to which others. The control theory community analyzes
reachability for a similar class of hybrid systems, except that they typically address problems
with a finite set of modes but more complex continuous-time dynamics (38, 39, 40). For
the most common cases of mmmp, we can refactor this representation, so that s = 〈q,K〉,
where q ∈ Q is the robot configuration and K is a kinematic graph which contains the mode
information and implies poses of all the bodies in the system, but we will make our general
presentation in terms of 〈w, σ〉.
More formally, a mmmp problem consists of a finite set {Σ1, . . . ,Σm} of mode families,
each of which has a real-valued parameter vector θ. Associated with each mode σ = Σ(θ)
is a constraint function Fσ on full system configurations. At any given time, the system
state 〈w, σ〉 is in a single mode σ, but whenever w ∈ Fσ′ , the system may execute a mode
switch, typically represented by a change to the kinematic tree, into mode σ′. The goal
of an mmmp is typically a set of full system configurations W∗, and a solution has the
form [σ0, τ0, σ1, τ1, . . . , σk, τk], where s0 = 〈w0, σ0〉 is the initial state of the system, τi is a
trajectory in Fσi , τ0(0) = w0, τi(0) = τi−1(1) for i ∈ {1, ..., k}, and τk(1) ∈ W∗.
As an example, we model pick and place tasks in this framework. Modes in which
the robot is not grasping any objects are transit modes, and modes in which the robot is
holding an object are transfer modes (10, 9, 22). For a robot with a single gripper, there
is a transit mode family for free motion and a transfer mode family for each object that
it can grasp. In the transit mode family, the mode parameter is comprised of the fixed
world poses of every movable object. In the transfer mode family for a particular object,
the mode parameter contains the grasp pose as well as the fixed world poses of every other
movable object. Thus, although the system can only operate according to a single mode at
a time, the mode parameter is high-dimensional because it contains constraints involving
every movable object. For interactions with cyclic kinematic graphs, such as manipulating a
drawer or opening a door, a constrained motion-planner (Section 2.2.2) is generally required
in order to plan within the mode.
A key challenge in multi-modal motion planning is identifying configurations that are
in the intersection of the constraint sets for two modes and thus allow the system to switch
between them. This intersection is often lower dimensional than the feasible space QFσ of
either mode. In a pick-and-place domain, in order to perform a kinematic switch between a
transit and transfer mode, the robot’s gripper must be in contact with the involved object at
a particular pose. This requirement imposes 6 constraints on the robot’s configuration, and
as a result, the set of solutions is (d − 6)-dimensional. Fortunately, solutions can often be
found using inverse kinematics (ik) either by projecting random samples into the constraint
set using optimization (41) or by analytically solving for the solutions to a reparameterized
set that captures its underlying dimensionality (42).
Figure 4 demonstrates a 1D robot (R) acting in the presence of a single movable object
(A). The two plots visualize the 2D combined configuration space of the robot and the
movable object. The left plot demonstrates the robot moving during a transit mode. The
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<latexit sha1_base64="mm1ubqhRnb+o3O6Z7xvMTeacza8=">AAAFuHich ZTbbtMwGIC9scIopw0uufGIJg0EVdMhgRAX22CIG7SxdQet6YrjOKk1x45sdwcsPwNPwC08E2+Dk/SwdEVYSvTn9/f7P8ZhxqjSzeafuflbC7Xbdxbv1u/df/D w0dLy40MlBhKTAyyYkMchUoRRTg401YwcZ5KgNGTkKDz7kO8fnROpqOBtfZWRbooSTmOKkXaq3tJyoGiSop5/GmRRxMym7S15zUazWPCm4A8FDwzXbm954UcQC TxICdeYIaU6fjPTXYOkppgRWw8GimQIn6GEdJzIUUpU1xSxW7jqNBGMhXQP17DQXrcwKFXqKg0dmSLdV9N7uXLWXmeg47ddQ3k20ITj0lE8YFALmBcCRlQSrN mVExCW1MUKcR9JhLUrV72+GnBygUWaIh6ZQIeR7ax3jbGnxmtZ4/m2Z7x165K7jmW20xpCvs16OeocQ8+H71/Bdv7yWlWL9nWLdmlRJfZ3bMfvmiDPUKbGfa55 /vNpaLsKbc+C8gaXmCaXWuvc5Qzk7GIChXGpK9ApNiW6L6IJq/CMA5EkcYFsskS4KvdTGDhVQbrKjLVVq5gmI7tPNGlUTJxiIEk9+EjcsEnyxWW8kxGJtJAvX FCU05R+J9aMJddLGJHY/SDw3HXcTZrzAV2lJL2E+WgJpqruz7Eu03JbUUmMvJcnTBUC/RMvvVRxrPSkWWqYl2Ox4EojrqdGr23NqSuwyGywEqzkh2qJuMqEIrN J1wqZwratovVVt+B+RjBFLI+rPzv3mBIWTeILwxlN3bNDzuwVXtyFw2AkUkT5VEhbY3KrIEMhGEF8BN9gTfMl9IP/oifjY08KlnJNEiJHrLvC/OkL66Zw2Gr46 43W19fextbwMlsET8EzsAZ88AZsgM9gFxwADC7AT/AL/K69q32rJTVaovNzQ5snoLJq8i+oHvU8</latexit>
 1
<latexit sha1_base64="GCOVvUeYe Aeb+ag4WpSjasXyuZw=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9F Lx4r2A9ol5JNs21okl2TrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31 vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1 g7HtzO//cS04bF6sJOEBZIMFY84JdZJnZ7hQ0n6fr9c8areHHiV+DmpQI5Gv/ zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2Tze6f4zCkDHMX albJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10HGVdJapmii0VRKrCN8ex5POCa USsmjhCqubsV0xHRhFoXUcmF4C+/vEpatap/Ua3dX1bqN3kcRTiBUzgHH66gD nfQgCZQEPAMr/CGHtELekcfi9YCymeO4Q/Q5w/HE4/L</latexit>
 2
<latexit sha1_base64="2DLa1zgXn t1VjoVMlr24f+NcyUQ=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9F Lx4r2A9ol5JNs21okl2TrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31 vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1 g7HtzO//cS04bF6sJOEBZIMFY84JdZJnZ7hQ0n6tX654lW9OfAq8XNSgRyNfv mrN4hpKpmyVBBjur6X2CAj2nIq2LTUSw1LCB2TIes6qohkJsjm907xmVMGOIq 1K2XxXP09kRFpzESGrlMSOzLL3kz8z+umNroOMq6S1DJFF4uiVGAb49nzeMA1 o1ZMHCFUc3crpiOiCbUuopILwV9+eZW0alX/olq7v6zUb/I4inACp3AOPlxBH e6gAU2gIOAZXuENPaIX9I4+Fq0FlM8cwx+gzx/Il4/M</latexit>
q1
<latexit sha1_base64="rslrDZ2B9 h+NmotiRJ6kHYRkDtA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0 4rGi/YA2lM120y7dbOLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMu u63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt 4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rHn9Uplt+LOQJaJl5My5Kj3Sl/dfs zSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJK Z+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeW UKaFvZWwIdWUoU2naEPwFl9eJs1qxTuvVO8uyrXrPI4CHMMJnIEHl1CDW6hDA xgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AECVI2d</latexit>
q2
<latexit sha1_base64="tfSCl5NqUleYM+4YZ8wxLx1R4mI=">AAAB6nicb VBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120y7dbOLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk4 14w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rFX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhb EQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVin deqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMD2I2e</latexit>
qA1
<latexit sha1_base64="+g6pbkPWV9WVnGM6HCctmpR89Eg=">AAAFsXich ZRbb9MwFIA9WGGU2waPvHhEkwaCqmmR4IGHbTDEC9rYugtruuI4TmvVsYPt7oLl38Abr/C3+Dc4SS9LV4SlRCfH3/G5xmHKqNL1+p+FGzcXK7duL92p3r13/8H D5ZVHh0oMJSYHWDAhj0OkCKOcHGiqGTlOJUFJyMhROHiX7R+dEamo4C19mZJOgnqcxhQj7VTBt65/GqRRxMym7S579Vo9X/C64I8ED4zWbndl8UcQCTxMCNeYI aXafj3VHYOkppgRWw2GiqQID1CPtJ3IUUJUx+RBW7jmNBGMhXQP1zDXXrUwKFHqMgkdmSDdV7N7mXLeXnuo4zcdQ3k61ITjwlE8ZFALmFUARlQSrNmlExCW1M UKcR9JhLWrU7W6FnByjkWSIB6ZQIeRbTc7xthT4zWs8XzbNV7TuuSuYqltN0aQb9NuhjrH0PPh25ewlb28RtmiddWiVViUif0d2/Y7JsgylIlxn+ue/2wW2i5D 2/OgrMEFpsmF1jpzOQcZnE+hMC50OTrDJkT3RTRlFZ5zIJIkzpFN1hOuyv0EBk6Vk64yE23ZKqa9sd0H2quVTJxiKEk1eE/csEnyyWW8kxKJtJDPXVCU04R+J 9ZMJNdLGJHY/RnwzHXcTZrzAV2lJL2A2WgJpsruz7Au0nJbUUGMvRcnzBQC/RMvvJRxrPS0WWqUl2Ox4EojrmdGr2XNqSuwSG2wGqxmh2qJuEqFIvNJ1wqZwJY to9U1t+B+SjBFLIurPz/3mBIWTeMLwzlN3bMjzuzlXtxNw2AkEkT5TEhbE3IrJ0MhGEF8DF9jTf0F9IP/oieTY09ylnJNekSOWXeF+bMX1nXhsFHzm7XG51fex tboMlsCT8BTsA588BpsgI9gFxwADFLwE/wCvyvNypfK10pYoDcWRjaPQWlVBn8BZO/y3Q==</latexit>
qA2
<latexit sha1_base64="d6tbETlGod09+70Xbc58TJ1klSM=">AAAFsXichZRbb9MwFIA9WGGU2waPvHhEkwaCqmmR4IGHbTDEC9rYugtruuI4TmvVsYPt7o Ll38Abr/C3+Dc4SS9LV4SlRCfH3/G5xmHKqNL1+p+FGzcXK7duL92p3r13/8HD5ZVHh0oMJSYHWDAhj0OkCKOcHGiqGTlOJUFJyMhROHiX7R+dEamo4C19mZJOgnqcxhQj7VTBt9MgjSJmNm230V326rV6vuB1wR8JHhit3e7K4o8gEniYEK4xQ0q1/XqqOwZJTTEjthoMFUkRHqAeaTuRo4SojsmDtnDNaSIYC+kermGuvWphU KLUZRI6MkG6r2b3MuW8vfZQx286hvJ0qAnHhaN4yKAWMKsAjKgkWLNLJyAsqYsV4j6SCGtXp2p1LeDkHIskQTwygQ4j2252jLGnxmtY4/m2a7ymdcldxVLbbowg36bdDHWOoefDty9hK3t5jbJF66pFq7AoE/s7tu13TJBlKBPjPtc9/9kstF2GtudBWYsLTJMLrXXmcg4yOJ9CYVzocnSGTYjui2jKKjznQCRJnCObrCdclfsJD JwqJ11lJtqyVUx7Y7sPtFcrmTjFUJJq8J64YZPkk8t4JyUSaSGfu6Aopwn9TqyZSK6XMCKx+zPgmeu4mzTnA7pKSXoBs9ESTJXdn2FdpOW2ooIYey9OmCkE+ideeCnjWOlps9QoL8diwZVGXM+MXsuaU1dgkdpgNVjNDtUScZUKReaTrhUygS1bRqtrbsH9lGCKWBZXf37uMSUsmsYXhnOaumdHnNnLvbibhsFIJIjymZC2JuRW ToZCMIL4GL7GmvoL6Af/RU8mx57kLOWa9Igcs+4K82cvrOvCYaPmN2uNz6+8ja3RZbYEnoCnYB344DXYAB/BLjgAGKTgJ/gFflealS+Vr5WwQG8sjGweg9KqDP4CbE/y3g==</latexit>
q1
<latexit sha1_base64="rslrDZ2B9 h+NmotiRJ6kHYRkDtA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0 4rGi/YA2lM120y7dbOLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMu u63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt 4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rHn9Uplt+LOQJaJl5My5Kj3Sl/dfs zSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJK Z+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeW UKaFvZWwIdWUoU2naEPwFl9eJs1qxTuvVO8uyrXrPI4CHMMJnIEHl1CDW6hDA xgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AECVI2d</latexit>
q2
<latexit sha1_base64="tfSCl5NqUleYM+4YZ8wxLx1R4mI=">AAAB6nicb VBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120y7dbOLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk4 14w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rFX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhb EQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVin deqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QMD2I2e</latexit>
Transfer Modes
xA
<latexit sha1_base64="MWay6w/xuLSWRsi9EHY4pWNBkPI=">AAAB6nicb VDLTgJBEOzFF+IL9ehlIjHxRHbRRI+oF48Y5ZHAhswOA0yYnd3M9BrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCj RjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxGN1O/+ci1EZF6wHHM/ZAOlOgLRtFK90/dq26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjy kZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/pp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNSt k7K1fuzkvV6yyOPBzBMZyCBxdQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AJT6NtA==</latexit>
xR
<latexit sha1_base64="AaCeiNInEZekNYuCNSoxSZqiqlI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx7xwSOBDZkdBpgwO7uZ6TWSDZ/gxY PGePWLvPk3DrAHBSvppFLVne6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyL1gOOY+yEdKNEXjKKV7p+6d91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dY P/ST4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3Vq7cnpeqV1kceTiCYzgFDy6gCjdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBPwKNxQ==</latexit>
 A1
<latexit sha1_base64="mm1ubqhRnb+o3O6Z7xvMTeacza8=">AAAFuHich ZTbbtMwGIC9scIopw0uufGIJg0EVdMhgRAX22CIG7SxdQet6YrjOKk1x45sdwcsPwNPwC08E2+Dk/SwdEVYSvTn9/f7P8ZhxqjSzeafuflbC7Xbdxbv1u/df/D w0dLy40MlBhKTAyyYkMchUoRRTg401YwcZ5KgNGTkKDz7kO8fnROpqOBtfZWRbooSTmOKkXaq3tJyoGiSop5/GmRRxMym7S15zUazWPCm4A8FDwzXbm954UcQC TxICdeYIaU6fjPTXYOkppgRWw8GimQIn6GEdJzIUUpU1xSxW7jqNBGMhXQP17DQXrcwKFXqKg0dmSLdV9N7uXLWXmeg47ddQ3k20ITj0lE8YFALmBcCRlQSrN mVExCW1MUKcR9JhLUrV72+GnBygUWaIh6ZQIeR7ax3jbGnxmtZ4/m2Z7x165K7jmW20xpCvs16OeocQ8+H71/Bdv7yWlWL9nWLdmlRJfZ3bMfvmiDPUKbGfa55 /vNpaLsKbc+C8gaXmCaXWuvc5Qzk7GIChXGpK9ApNiW6L6IJq/CMA5EkcYFsskS4KvdTGDhVQbrKjLVVq5gmI7tPNGlUTJxiIEk9+EjcsEnyxWW8kxGJtJAvX FCU05R+J9aMJddLGJHY/SDw3HXcTZrzAV2lJL2E+WgJpqruz7Eu03JbUUmMvJcnTBUC/RMvvVRxrPSkWWqYl2Ox4EojrqdGr23NqSuwyGywEqzkh2qJuMqEIrN J1wqZwratovVVt+B+RjBFLI+rPzv3mBIWTeILwxlN3bNDzuwVXtyFw2AkUkT5VEhbY3KrIEMhGEF8BN9gTfMl9IP/oifjY08KlnJNEiJHrLvC/OkL66Zw2Gr46 43W19fextbwMlsET8EzsAZ88AZsgM9gFxwADC7AT/AL/K69q32rJTVaovNzQ5snoLJq8i+oHvU8</latexit>
 A2
<latexit sha1_base64="+c3wpPubDxTIGKdtZzdlOzjLIP8=">AAAFuHich ZTbbtMwGIC9scIopw0uufGIJg0EVdMhgRAX22CIG7SxdQet6YrjOKk1x45sdwcsPwNPwC08E2+Dk/SwdEVYSvTn9/f7P8ZhxqjSzeafuflbC7Xbdxbv1u/df/D w0dLy40MlBhKTAyyYkMchUoRRTg401YwcZ5KgNGTkKDz7kO8fnROpqOBtfZWRbooSTmOKkXaq3tJyoGiSol7rNMiiiJlN21vymo1mseBNwR8KHhiu3d7ywo8gE niQEq4xQ0p1/GamuwZJTTEjth4MFMkQPkMJ6TiRo5Sorilit3DVaSIYC+kermGhvW5hUKrUVRo6MkW6r6b3cuWsvc5Ax2+7hvJsoAnHpaN4wKAWMC8EjKgkWL MrJyAsqYsV4j6SCGtXrnp9NeDkAos0RTwygQ4j21nvGmNPjdeyxvNtz3jr1iV3HctspzWEfJv1ctQ5hp4P37+C7fzltaoW7esW7dKiSuzv2I7fNUGeoUyN+1zz /OfT0HYV2p4F5Q0uMU0utda5yxnI2cUECuNSV6BTbEp0X0QTVuEZByJJ4gLZZIlwVe6nMHCqgnSVGWurVjFNRnafaNKomDjFQJJ68JG4YZPki8t4JyMSaSFfu KAopyn9TqwZS66XMCKx+0Hgueu4mzTnA7pKSXoJ89ESTFXdn2NdpuW2opIYeS9PmCoE+ideeqniWOlJs9QwL8diwZVGXE+NXtuaU1dgkdlgJVjJD9UScZUJRWa TrhUyhW1bReurbsH9jGCKWB5Xf3buMSUsmsQXhjOaumeHnNkrvLgLh8FIpIjyqZC2xuRWQYZCMIL4CL7BmuZL6Af/RU/Gx54ULOWaJESOWHeF+dMX1k3hsNXw1 xutr6+9ja3hZbYInoJnYA344A3YAJ/BLjgAGFyAn+AX+F17V/tWS2q0ROfnhjZPQGXV5F+tafU9</latexit>
qA2
<latexit sha1_base64="d6tbETlGod09+70Xbc58TJ1klSM=">AAAFsXich ZRbb9MwFIA9WGGU2waPvHhEkwaCqmmR4IGHbTDEC9rYugtruuI4TmvVsYPt7oLl38Abr/C3+Dc4SS9LV4SlRCfH3/G5xmHKqNL1+p+FGzcXK7duL92p3r13/8H D5ZVHh0oMJSYHWDAhj0OkCKOcHGiqGTlOJUFJyMhROHiX7R+dEamo4C19mZJOgnqcxhQj7VTBt9MgjSJmNm230V326rV6vuB1wR8JHhit3e7K4o8gEniYEK4xQ 0q1/XqqOwZJTTEjthoMFUkRHqAeaTuRo4SojsmDtnDNaSIYC+kermGuvWphUKLUZRI6MkG6r2b3MuW8vfZQx286hvJ0qAnHhaN4yKAWMKsAjKgkWLNLJyAsqY sV4j6SCGtXp2p1LeDkHIskQTwygQ4j2252jLGnxmtY4/m2a7ymdcldxVLbbowg36bdDHWOoefDty9hK3t5jbJF66pFq7AoE/s7tu13TJBlKBPjPtc9/9kstF2G tudBWYsLTJMLrXXmcg4yOJ9CYVzocnSGTYjui2jKKjznQCRJnCObrCdclfsJDJwqJ11lJtqyVUx7Y7sPtFcrmTjFUJJq8J64YZPkk8t4JyUSaSGfu6Aopwn9T qyZSK6XMCKx+zPgmeu4mzTnA7pKSXoBs9ESTJXdn2FdpOW2ooIYey9OmCkE+ideeCnjWOlps9QoL8diwZVGXM+MXsuaU1dgkdpgNVjNDtUScZUKReaTrhUygS1 bRqtrbsH9lGCKWBZXf37uMSUsmsYXhnOaumdHnNnLvbibhsFIJIjymZC2JuRWToZCMIL4GL7GmvoL6Af/RU8mx57kLOWa9Igcs+4K82cvrOvCYaPmN2uNz6+8j a3RZbYEnoCnYB344DXYAB/BLjgAGKTgJ/gFflealS+Vr5WwQG8sjGweg9KqDP4CbE/y3g==</latexit>
q⇤1
<latexit sha1_base64="kT5tvt+lzwHeoPcphAD2zDqJWKY=">AAAB7Hicb VBNSwMxEJ2tX7V+VT16CRZBPJTdKuix6MVjBbcttGvJptk2NMmuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNHW cKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks7804oYHAA8kiRrCxkv/Y8x7OeuWKW3VnQMvEy0kFcjR65a9uPyapoNIQjrXueG5iggwrwwink1I31 TTBZIQHtGOpxILqIJsdO0EnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5Oa6CrImExSQyWZL4pSjkyMpp+jPlOUGD62BBPF7K2IDLHCxNh8SjYEb/HlZd KsVb3zau3uolK/zuMowhEcwyl4cAl1uIUG+ECAwTO8wpsjnRfn3fmYtxacfOYQ/sD5/AEctY45</latexit>
q⇤2
<latexit sha1_base64="GTLchY71hG+pGDvqfM37JMk+ss4=">AAAB7Hicb VBNSwMxEJ2tX7V+VT16CRZBPJTdKuix6MVjBbcttGvJptk2NJusSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLV MFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFvRknNIjxQLCIEWys5D/2ag9nvXLFrbozoGXi5aQCORq98le3L0kaU2EIx1p3PDcxQYaVYYTTSamba ppgMsID2rFU4JjqIJsdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qoqsgYyJJDRVkvihKOTISTT9HfaYoMXxsCSaK2VsRGWKFibH5lGwI3uLLy6 RZq3rn1drdRaV+ncdRhCM4hlPw4BLqcAsN8IEAg2d4hTdHOC/Ou/Mxby04+cwh/IHz+QMeO446</latexit>
q⇤1
<latexit sha1_base64="kT5tvt+lzwHeoPcphAD2zDqJWKY=">AAAB7Hicb VBNSwMxEJ2tX7V+VT16CRZBPJTdKuix6MVjBbcttGvJptk2NMmuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNHW cKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks7804oYHAA8kiRrCxkv/Y8x7OeuWKW3VnQMvEy0kFcjR65a9uPyapoNIQjrXueG5iggwrwwink1I31 TTBZIQHtGOpxILqIJsdO0EnVumjKFa2pEEz9fdEhoXWYxHaToHNUC96U/E/r5Oa6CrImExSQyWZL4pSjkyMpp+jPlOUGD62BBPF7K2IDLHCxNh8SjYEb/HlZd KsVb3zau3uolK/zuMowhEcwyl4cAl1uIUG+ECAwTO8wpsjnRfn3fmYtxacfOYQ/sD5/AEctY45</latexit>
q⇤2
<latexit sha1_base64="GTLchY71hG+pGDvqfM37JMk+ss4=">AAAB7Hicb VBNSwMxEJ2tX7V+VT16CRZBPJTdKuix6MVjBbcttGvJptk2NJusSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLV MFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFvRknNIjxQLCIEWys5D/2ag9nvXLFrbozoGXi5aQCORq98le3L0kaU2EIx1p3PDcxQYaVYYTTSamba ppgMsID2rFU4JjqIJsdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qoqsgYyJJDRVkvihKOTISTT9HfaYoMXxsCSaK2VsRGWKFibH5lGwI3uLLy6 RZq3rn1drdRaV+ncdRhCM4hlPw4BLqcAsN8IEAg2d4hTdHOC/Ou/Mxby04+cwh/IHz+QMeO446</latexit>
qA1
<latexit sha1_base64="+g6pbkPWV9WVnGM6HCctmpR89Eg=">AAAFsXich ZRbb9MwFIA9WGGU2waPvHhEkwaCqmmR4IGHbTDEC9rYugtruuI4TmvVsYPt7oLl38Abr/C3+Dc4SS9LV4SlRCfH3/G5xmHKqNL1+p+FGzcXK7duL92p3r13/8H D5ZVHh0oMJSYHWDAhj0OkCKOcHGiqGTlOJUFJyMhROHiX7R+dEamo4C19mZJOgnqcxhQj7VTBt65/GqRRxMym7S579Vo9X/C64I8ED4zWbndl8UcQCTxMCNeYI aXafj3VHYOkppgRWw2GiqQID1CPtJ3IUUJUx+RBW7jmNBGMhXQP1zDXXrUwKFHqMgkdmSDdV7N7mXLeXnuo4zcdQ3k61ITjwlE8ZFALmFUARlQSrNmlExCW1M UKcR9JhLWrU7W6FnByjkWSIB6ZQIeRbTc7xthT4zWs8XzbNV7TuuSuYqltN0aQb9NuhjrH0PPh25ewlb28RtmiddWiVViUif0d2/Y7JsgylIlxn+ue/2wW2i5D 2/OgrMEFpsmF1jpzOQcZnE+hMC50OTrDJkT3RTRlFZ5zIJIkzpFN1hOuyv0EBk6Vk64yE23ZKqa9sd0H2quVTJxiKEk1eE/csEnyyWW8kxKJtJDPXVCU04R+J 9ZMJNdLGJHY/RnwzHXcTZrzAV2lJL2A2WgJpsruz7Au0nJbUUGMvRcnzBQC/RMvvJRxrPS0WWqUl2Ox4EojrmdGr2XNqSuwSG2wGqxmh2qJuEqFIvNJ1wqZwJY to9U1t+B+SjBFLIurPz/3mBIWTeMLwzlN3bMjzuzlXtxNw2AkEkT5TEhbE3IrJ0MhGEF8DF9jTf0F9IP/oieTY09ylnJNekSOWXeF+bMX1nXhsFHzm7XG51fex tboMlsCT8BTsA588BpsgI9gFxwADFLwE/wCvyvNypfK10pYoDcWRjaPQWlVBn8BZO/y3Q==</latexit>
 1
<latexit sha1_base64="GCOVvUeYeAeb+ag4W pSjasXyuZw=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21okl2TrFCW/ gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQ wwRVrWm4F6ySaERkK1g7HtzO//cS04bF6sJOEBZIMFY84JdZJnZ7hQ0n6fr9c8areHHiV+DmpQI5Gv /zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2Tze6f4zCkDHMXalbJ4rv6eyIg0ZiJ D1ymJHZllbyb+53VTG10HGVdJapmii0VRKrCN8ex5POCaUSsmjhCqubsV0xHRhFoXUcmF4C+/vEpat ap/Ua3dX1bqN3kcRTiBUzgHH66gDnfQgCZQEPAMr/CGHtELekcfi9YCymeO4Q/Q5w/HE4/L</late xit>
 A1
<latexit sha1_base64="mm1ubqhRnb+o3O6Z7xvMTeacza8="> AAAFuHichZTbbtMwGIC9scIopw0uufGIJg0EVdMhgRAX22CIG7SxdQet6YrjOKk1x45sdwcsPwNPwC08E2+Dk/SwdEVYSvTn9/f7P8 ZhxqjSzeafuflbC7Xbdxbv1u/df/Dw0dLy40MlBhKTAyyYkMchUoRRTg401YwcZ5KgNGTkKDz7kO8fnROpqOBtfZWRbooSTmOKkXaq 3tJyoGiSop5/GmRRxMym7S15zUazWPCm4A8FDwzXbm954UcQCTxICdeYIaU6fjPTXYOkppgRWw8GimQIn6GEdJzIUUpU1xSxW7jqNB GMhXQP17DQXrcwKFXqKg0dmSLdV9N7uXLWXmeg47ddQ3k20ITj0lE8YFALmBcCRlQSrNmVExCW1MUKcR9JhLUrV72+GnBygUWaIh6Z QIeR7ax3jbGnxmtZ4/m2Z7x165K7jmW20xpCvs16OeocQ8+H71/Bdv7yWlWL9nWLdmlRJfZ3bMfvmiDPUKbGfa55/vNpaLsKbc+C8g aXmCaXWuvc5Qzk7GIChXGpK9ApNiW6L6IJq/CMA5EkcYFsskS4KvdTGDhVQbrKjLVVq5gmI7tPNGlUTJxiIEk9+EjcsEnyxWW8kxGJt JAvXFCU05R+J9aMJddLGJHY/SDw3HXcTZrzAV2lJL2E+WgJpqruz7Eu03JbUUmMvJcnTBUC/RMvvVRxrPSkWWqYl2Ox4EojrqdGr23 NqSuwyGywEqzkh2qJuMqEIrNJ1wqZwratovVVt+B+RjBFLI+rPzv3mBIWTeILwxlN3bNDzuwVXtyFw2AkUkT5VEhbY3KrIEMhGEF8B N9gTfMl9IP/oifjY08KlnJNEiJHrLvC/OkL66Zw2Gr4643W19fextbwMlsET8EzsAZ88AZsgM9gFxwADC7AT/AL/K69q32rJTVaovN zQ5snoLJq8i+oHvU8</latexit>
 01
<latexit sha1_base64="/+Xfq8xhOBbNxFXQUdx 0fClbhnM=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA9hd0o6DHoxWME85BkCbOT2WTIPJaZWSEs+QovH hTx6ud482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwz HLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1kmPXcMGAveCs16p7Ff8GdAyCXJShhz1Xumr21ckF VRawrExncBPbJhhbRnhdFLspoYmmIzwgHYclVhQE2azgyfo1Cl9FCvtSlo0U39PZFgYMxaR6xTYDs2iNx X/8zqpja/DjMkktVSS+aI45cgqNP0e9ZmmxPKxI5ho5m5FZIg1JtZlVHQhBIsvL5NmtRJcVKr3l+XaTR 5HAY7hBM4hgCuowR3UoQEEBDzDK7x52nvx3r2PeeuKl88cwR94nz8qLY/8</latexit>
 02
<latexit sha1_base64="C37tLUJiUWHtUJDBAh+ hvHAo4Zw=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE9ld0q6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFg yJe/Tne/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUal lvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXXSY9fwgSS96lmvVPYq3gx4mfg5KUOOeq/01e3HN JVMWSqIMR3fS2yQEW05FWxS7KaGJYSOyIB1HFVEMhNks4Mn+NQpfRzF2pWyeKb+nsiINGYsQ9cpiR2aRW 8q/ud1UhtdBxlXSWqZovNFUSqwjfH0e9znmlErxo4Qqrm7FdMh0YRal1HRheAvvrxMmtWKf1Gp3l+Waz d5HAU4hhM4Bx+uoAZ3UIcGUJDwDK/whjR6Qe/oY966gvKZI/gD9PkDK7KP/Q==</latexit>
 A2
<latexit sha1_base64="+c3wpPubDxTIGKdtZzdlOzjLIP8="> AAAFuHichZTbbtMwGIC9scIopw0uufGIJg0EVdMhgRAX22CIG7SxdQet6YrjOKk1x45sdwcsPwNPwC08E2+Dk/SwdEVYSvTn9/f7P8 ZhxqjSzeafuflbC7Xbdxbv1u/df/Dw0dLy40MlBhKTAyyYkMchUoRRTg401YwcZ5KgNGTkKDz7kO8fnROpqOBtfZWRbooSTmOKkXaq 3tJyoGiSol7rNMiiiJlN21vymo1mseBNwR8KHhiu3d7ywo8gEniQEq4xQ0p1/GamuwZJTTEjth4MFMkQPkMJ6TiRo5Sorilit3DVaS IYC+kermGhvW5hUKrUVRo6MkW6r6b3cuWsvc5Ax2+7hvJsoAnHpaN4wKAWMC8EjKgkWLMrJyAsqYsV4j6SCGtXrnp9NeDkAos0RTwy gQ4j21nvGmNPjdeyxvNtz3jr1iV3HctspzWEfJv1ctQ5hp4P37+C7fzltaoW7esW7dKiSuzv2I7fNUGeoUyN+1zz/OfT0HYV2p4F5Q 0uMU0utda5yxnI2cUECuNSV6BTbEp0X0QTVuEZByJJ4gLZZIlwVe6nMHCqgnSVGWurVjFNRnafaNKomDjFQJJ68JG4YZPki8t4JyMSa SFfuKAopyn9TqwZS66XMCKx+0Hgueu4mzTnA7pKSXoJ89ESTFXdn2NdpuW2opIYeS9PmCoE+ideeqniWOlJs9QwL8diwZVGXE+NXtu aU1dgkdlgJVjJD9UScZUJRWaTrhUyhW1bReurbsH9jGCKWB5Xf3buMSUsmsQXhjOaumeHnNkrvLgLh8FIpIjyqZC2xuRWQYZCMIL4C L7BmuZL6Af/RU/Gx54ULOWaJESOWHeF+dMX1k3hsNXw1xutr6+9ja3hZbYInoJnYA344A3YAJ/BLjgAGFyAn+AX+F17V/tWS2q0ROf nhjZPQGXV5F+tafU9</latexit>
 2
<latexit sha1_base64="2DLa1zgXnt1VjoVMlr2 4f+NcyUQ=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21okl2TrFCW/gkvH hTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrW m4F6ySaERkK1g7HtzO//cS04bF6sJOEBZIMFY84JdZJnZ7hQ0n6tX654lW9OfAq8XNSgRyNfvmrN4hpK pmyVBBjur6X2CAj2nIq2LTUSw1LCB2TIes6qohkJsjm907xmVMGOIq1K2XxXP09kRFpzESGrlMSOzLL3k z8z+umNroOMq6S1DJFF4uiVGAb49nzeMA1o1ZMHCFUc3crpiOiCbUuopILwV9+eZW0alX/olq7v6zUb/ I4inACp3AOPlxBHe6gAU2gIOAZXuENPaIX9I4+Fq0FlM8cwx+gzx/Il4/M</latexit>
Mode Adjacency Graph
A<latexit sha1_base64="CzTf/EZpsWic/qQaX9EwbuU+6mM=">AAAFrXich ZRbb9MwFIA9WGGU2waPvHhEkwaC0nRI8MDDNhjiBW1s7Tat6SrHcVJrjh3Z7i5Y/g1IvMIf49/gJL0sXRGWEp0cf8fnGocZo0o3m38Wbt1erN25u3Svfv/Bw0e Pl1eeHCoxlJh0sGBCHodIEUY56WiqGTnOJEFpyMhRePYx3z86J1JRwdv6KiO9FCWcxhQj7VTHQRZFzGzZ/rLXbDSLBW8K/kjwwGjt9VcWfwSRwMOUcI0ZUqrrN zPdM0hqihmx9WCoSIbwGUpI14kcpUT1TBGwhWtOE8FYSPdwDQvtdQuDUqWu0tCRKdIDNbuXK+ftdYc6ft8zlGdDTTguHcVDBrWAefYwopJgza6cgLCkLlaIB0 girF2N6vW1gJMLLNIU8cgEOoxsd6NnjD01Xssaz7d9421Yl9x1LLPd1gjybdbPUecYej788Bq285fXqlq0r1u0S4sqcbBru37PBHmGMjXuc93zX8xCO1VoZx6U N7jENLnUWucu5yBnF1MojEtdgc6wKdEDEU1ZhecciCSJC2SLJcJVeZDCwKkK0lVmoq1axTQZ232mSaNi4hRDSerBJ+KGTZKvLuPdjEikhXzpgqKcpvQ7sWYiu V7CiMTur4DnruNu0pwP6Col6SXMR0swVXV/jnWZltuKSmLsvTxhphDon3jppYpjpafNUqO8HIsFVxpxPTN6bWtOXYFFZoPVYDU/VEvEVSYUmU+6VsgUtm0Vra+ 5BQ8ygilieVyD+bnHlLBoGl8Yzmnqvh1xZr/w4m4ZBiORIspnQtqekNsFGQrBCOJj+AZrmq+gH/wXPZkce1KwlGuSEDlm3RXmz15YN4XDVsPfaLS+vfU2t0eX2 RJ4Bp6DdeCDd2ATfAF7oAMwYOAn+AV+197UOrWgdlqitxZGNk9BZdWSv37z8VY=</latexit>R
<latexit sha1_base64="Pwv/FYb2w anzQsY8zbX3MY1ZhEY=">AAAFrXichZRbb9MwFIC9scIotw0eefGIJg0EpemQ 4IGHMRjiBW1s7Tat6SrHcVprjh3Z7i5Y+Q1IvMIf499w0vSydEVYSnRy/B2fm 3PCVHBj6/U/C4u3liq37yzfrd67/+Dho5XVx4dGDTRlLaqE0schMUxwyVqWW 8GOU81IEgp2FJ59zPePzpk2XMmmvUpZJyE9yWNOiQXVcZBGkXD7WXfFq9fqw4 VvCv5I8NBo7XVXl34EkaKDhElLBTGm7ddT23FEW04Fy6rBwLCU0DPSY20QJUm Y6bhhwBleB02EY6XhkRYPtdctHEmMuUpCIBNi+2Z2L1fO22sPbPyu47hMB5ZJ WjiKBwJbhfPsccQ1o1ZcgUCo5hArpn2iCbVQo2p1PZDsgqokITJygQ2jrL3Zc S47dV4jc56fdZ23mUFy17E0azdGkJ+l3RwFx9jz8ftXuJm/vEbZonndollYl ImD3aztd1yQZ6gTB58bnv98FtopQzvzoLzBBWbZpbU2dzkHObuYQmFc6IboDJ sw21fRlDV0zoFEs3iIfBA9BVXuJzgA1ZCEyky0ZauY98Z2n3mvVjIBxUCzavC JwWXT7CtkvJsyTazSLyAoLnnCv7PMTSToJY5YDH8FPoeOw00DHxgqpfklzq+W Eqbs/pzaIi3Yigpi7L04YaYQ5J944aWMU2OnzTKjvIClShpLpJ25es3MnUKBV ZoFa8FafqjVRJpUGTafhFboBDezMlpdh4UPUkY5EXlc/fm5x5yJaBpfGM5p6n 424mBc5F5gyggcqYRwORPS9oTcHpKhUoIROYZvsK7+EvvBf9GTybEnQ5ZLy3 pMj1kYYf7swLopHDZq/mat8e2Nt7U9GmbL6Cl6hjaQj96iLfQF7aEWokign+g X+l15XWlVgsppgS4ujGyeoNKq9P4C2GbxZw==</latexit>
R
<latexit sha1_base64="Pwv/FYb2wanzQsY8zbX3MY1ZhEY=">AAAFrXich ZRbb9MwFIC9scIotw0eefGIJg0EpemQ4IGHMRjiBW1s7Tat6SrHcVprjh3Z7i5Y+Q1IvMIf499w0vSydEVYSnRy/B2fm3PCVHBj6/U/C4u3liq37yzfrd67/+D ho5XVx4dGDTRlLaqE0schMUxwyVqWW8GOU81IEgp2FJ59zPePzpk2XMmmvUpZJyE9yWNOiQXVcZBGkXD7WXfFq9fqw4VvCv5I8NBo7XVXl34EkaKDhElLBTGm7 ddT23FEW04Fy6rBwLCU0DPSY20QJUmY6bhhwBleB02EY6XhkRYPtdctHEmMuUpCIBNi+2Z2L1fO22sPbPyu47hMB5ZJWjiKBwJbhfPsccQ1o1ZcgUCo5hArpn 2iCbVQo2p1PZDsgqokITJygQ2jrL3ZcS47dV4jc56fdZ23mUFy17E0azdGkJ+l3RwFx9jz8ftXuJm/vEbZonndollYlImD3aztd1yQZ6gTB58bnv98FtopQzvz oLzBBWbZpbU2dzkHObuYQmFc6IboDJsw21fRlDV0zoFEs3iIfBA9BVXuJzgA1ZCEyky0ZauY98Z2n3mvVjIBxUCzavCJwWXT7CtkvJsyTazSLyAoLnnCv7PMT SToJY5YDH8FPoeOw00DHxgqpfklzq+WEqbs/pzaIi3Yigpi7L04YaYQ5J944aWMU2OnzTKjvIClShpLpJ25es3MnUKBVZoFa8FafqjVRJpUGTafhFboBDezMlp dh4UPUkY5EXlc/fm5x5yJaBpfGM5p6n424mBc5F5gyggcqYRwORPS9oTcHpKhUoIROYZvsK7+EvvBf9GTybEnQ5ZLy3pMj1kYYf7swLopHDZq/mat8e2Nt7U9G mbL6Cl6hjaQj96iLfQF7aEWokign+gX+l15XWlVgsppgS4ujGyeoNKq9P4C2GbxZw==</latexit>
R
<latexit sha1_base64="Pwv/FYb2wanzQsY8zbX3MY1ZhEY=">AAAFrXich ZRbb9MwFIC9scIotw0eefGIJg0EpemQ4IGHMRjiBW1s7Tat6SrHcVprjh3Z7i5Y+Q1IvMIf499w0vSydEVYSnRy/B2fm3PCVHBj6/U/C4u3liq37yzfrd67/+D ho5XVx4dGDTRlLaqE0schMUxwyVqWW8GOU81IEgp2FJ59zPePzpk2XMmmvUpZJyE9yWNOiQXVcZBGkXD7WXfFq9fqw4VvCv5I8NBo7XVXl34EkaKDhElLBTGm7 ddT23FEW04Fy6rBwLCU0DPSY20QJUmY6bhhwBleB02EY6XhkRYPtdctHEmMuUpCIBNi+2Z2L1fO22sPbPyu47hMB5ZJWjiKBwJbhfPsccQ1o1ZcgUCo5hArpn 2iCbVQo2p1PZDsgqokITJygQ2jrL3ZcS47dV4jc56fdZ23mUFy17E0azdGkJ+l3RwFx9jz8ftXuJm/vEbZonndollYlImD3aztd1yQZ6gTB58bnv98FtopQzvz oLzBBWbZpbU2dzkHObuYQmFc6IboDJsw21fRlDV0zoFEs3iIfBA9BVXuJzgA1ZCEyky0ZauY98Z2n3mvVjIBxUCzavCJwWXT7CtkvJsyTazSLyAoLnnCv7PMT SToJY5YDH8FPoeOw00DHxgqpfklzq+WEqbs/pzaIi3Yigpi7L04YaYQ5J944aWMU2OnzTKjvIClShpLpJ25es3MnUKBVZoFa8FafqjVRJpUGTafhFboBDezMlp dh4UPUkY5EXlc/fm5x5yJaBpfGM5p6n424mBc5F5gyggcqYRwORPS9oTcHpKhUoIROYZvsK7+EvvBf9GTybEnQ5ZLy3pMj1kYYf7swLopHDZq/mat8e2Nt7U9G mbL6Cl6hjaQj96iLfQF7aEWokign+gX+l15XWlVgsppgS4ujGyeoNKq9P4C2GbxZw==</latexit>
R
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Figure 4: The feasible configuration space for two transit modes σ1, σ2 and two transfer
modes σA1, σ
A
2 modes. Mode switches between σ1 ↔ σA2 occur at configuration q∗1 . Mode
switches between σ2 ↔ σA2 occur at configuration q∗2 .
two 1D blue lines indicate the space for which the system can change, which depends on
the current mode σ1 or σ2. These modes correspond to different placements of the movable
object, which remains constant. The yellow region corresponds to infeasible states where
the robot and the object are in collision. Because the object can be placed anywhere on the
interval, there are infinitely many possible transit modes. The center plot demonstrates the
robot and object moving during a transfer mode. The robot can attach itself either to the left
or right side of the object. As a result, there are two possible transfer modes σA1, σ
A
2, indicated
by the 1D red lines. The relative pose between the robot and object remains constant
during a transfer mode. The robot can switch between transit and transfer modes at a
zero-dimensional (point) intersection between both lines (q∗1 , q
∗
2). The right figure visualizes
legal mode transitions as a directed graph. The transit modes {σ1, σ′1, ...} correspond to
the robot being on the left of the object, whereas the transit modes {σ2, σ′2, ...} correspond
to the robot being on the right of the object. In order to switch to a new transit mode,
the robot must first enter the appropriate transfer mode. Finally, note that the graph is
disconnected because the robot is unable to move to the other side of the object.
2.3. Task planning
Within the AI community, there has been a long-standing focus on planning in discrete
domains, generally with very large state spaces, but made tractable by using representations
and algorithms that exploit underlying regularities in the structure of the domain. Ghallab
et al. (15) provide a comprehensive discussion of task planning from the AI perspective,
and Karpas and Magazzeni (43) survey task planning for robotics.
The simplest formalization of AI planning is to specify a set of states (state space) S, a
set of transitions T ⊆ S ×S that describe legal changes to the state, an initial state s0 ∈ S,
and a set of goal states S∗ ⊆ S. Each directed transition t = 〈s, s′〉 ∈ T moves the system
from state s to state s′. The objective for a planner is to find a plan pi, a sequence of
transitions, that advances the initial state s0 into a goal state s∗ ∈ S∗. This problem can be
reduced to a graph traversal problem, where the vertices are states and directed edges are
transitions, and solved using standard graph-search algorithms. However, the state spaces
considered are very large, so it is critical to use a functional representation of T to “reveal”
states incrementally, for example by working forward from the initial state.
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The first step toward compact representations and efficient algorithms is to factor the
state representation into a collection of state variables. More formally, states can be rep-
resented using a set of variables V = {1, ...,m}, each of which has a finite domain Xv.
States are assignments of values xv ∈ Xv for variables v ∈ V. This induces a state space
S = X1× ...×Xm that is the Cartesian product of each variable’s domain. Consider a vari-
ation on the example in Figure 2, involving a single robot, a movable pizza, and a movable
book. Each state specifies the locations of the robot, the pizza and the book, and the object
that the robot is holding (or None), as well as whether or not the pizza has been cooked.
The set of possible locations are: Box, Plate, Table and Oven. The robot can move between
any pair of locations, pick up an object at the robot’s current location if it is not holding
anything, and place an object at the robot’s current location. We can describe a state as
an assignment of values to the variables atRob (4 possible values), at[Pizza] (5 domain
values), at[Book] (5 domain values), holding (3 domain values), and cooked[Pizza] (2
domain values). A state in this domain can then be defined as
{atRob=Plate, holding=None, at[Book]=Table, at[Pizza]=Box, cooked[Pizza]=False}.
Although in total the variables have 19 possible values, there are 600 possible states re-
sulting from the possible combinations of variable values. Generally, the size of the state
space grows exponentially in the number of variables.
Next, we need to encode the set of transitions compactly. In many domains, due to
locality of effect or other underlying domain properties, transitions change the value of only
a small number of the state variables at a time, which allows us to describe large sets of
transitions compactly using a single action that encodes the difference between the two
states. These changes can be described by a set of effects eff: {v1 ← c1, ..., vk ← ck} that
list the variables that are modified (v1, ..., vk) and their resulting values (c1, ..., ck). This
set of effects describes a large set of state-pairs in the transition: one corresponding to each
possible assignment to the values of the unchanged variables.
moveF[loc1 ,loc2]
pre: atRob = loc1
eff: atRob ← loc2
moveH[loc1 ,loc2]
pre: atRob = loc1 , holding = obj
eff: atRob ← loc2
pick[obj ,loc]
pre: atRob = loc , holding = None , at[obj] = loc
eff: at[obj]← None , holding ← obj
place[obj ,loc]
pre: atRob = loc , holding = obj
eff: at[obj]← loc , holding ← None
cook[obj]
pre: at[obj] = Stove
eff: cooked[obj]← True
Figure 5: A template specification of moveF, moveH, pick, place, and cook actions.
Another structural property of many domains, which can be used to more compactly
express legal transitions, is that each action may correctly be executed in only certain
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states. For example, a pick action cannot be performed if the robot is already holding
an object. We can express this by specifying, for each action, a set of preconditions pre :
{xv1=c1, ..., xvk=ck} that describe the set of states in which that action can be executed in
terms of values of some of the state variables.
One final important structural property is an “object-centric” abstraction: in most
problems, the state variables correspond to properties of objects in the domain (e.g., the
location or color of a particular cup) or relations among them (e.g., whether a particular cup
is inside a particular box). We can take describe the possible actions of a domain generically,
via templates that are parameterized by a choice particular objects that are present in a
domain instance. This form of abstraction allows the size of the domain description to be
independent of the number of state variables in the domain.
We illustrate the basic principles of task planning via an example in Figure 5, which
specifies the preconditions and effects of the moveF, moveH, pick, place, and cook actions.
This specification needs to be coupled with a listing of the actual entities in any domain
instance, such as the names of objects (Pizza and Book) and locations (Box, Plate, Oven,
and Table), to yield a complete transition-system specification. Then, the state variables
are holding, atRob, along with cooked[obj] and at[obj] for each actual object name
obj. Similarly, the actual possible actions are generated by substituting all combinations of
object and location constants in for the template variables. For example, with two objects
and four locations, there are 8 instances of the place action.
To clarify the use of template variables, note the pick action description: it is a template
describing a finite number of action instances, one for each discrete value of obj and loc.
But note that these two variables play different roles. As the number of possible values of
obj increases, the dimensionality of the state of the problem (characterized by the number
of state variables) increases; as the number of possible values of loc increases, the domains
of the at[obj] variables increases but the number of variables does not.
The final component of a planning problem is a description of the set of goal states,
which has the same form as an action precondition, as a conjunction of values of some
state variables, where all unmentioned state variables may have any arbitrary value. For
example, the following goal description encodes the entire set of states in which the pizza
is cooked and on the plate: {at[Pizza]=Plate, cooked[Pizza]=True}. The solution to
a task-planning problem is a sequence of action instances a1, . . . , ak, that induces a state
sequence s0, . . . , sk, where each si is a state expressed as an assignment of values to state
variables, s0 is the initial state of the planning problem, si satisfies the preconditions of
ai+1, si+1 is the result of executing ai in si, and sk satisfies the goal conditions.
To finish our example, let the initial state be
s0 = {holding=None, atRob=Table, at[Pizza]=Box, at[Book]=Table, cooked[Pizza]=False}.
Solving this task requires first placing the pizza on the oven to cook it and then relocating
it to the plate:
pi = [moveF[Table,Box], pick[Pizza], moveH[Box,Oven], place[Pizza],
cook[Pizza], pick[Pizza], moveH[Oven,Plate], place[Pizza]].
One focus of AI planning has been to define languages for specifying planning prob-
lems. The one shown in Figure 5 is similar to a lifted version of simplified action specifica-
tion (sas+) (44). The most widely-used formalism is planning domain definition language
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(pddl) (45), which can be seen as a transition system where state variables are Boolean
facts. The AI planning community has developed domain-independent algorithms that can
operate on any problem written in a planning language, without any additional information
about the problem. A factored planning representation enables efficient algorithms for solv-
ing relaxed problems, simplified versions of the original problem, and using their solutions
to estimate the distance to a goal state (18).
Finally, there are several extensions to the basic task planning formalism (46, 47, 48)
that are relevant to tamp. One of these is numeric planning, which involves planning
with real-valued variables such as time, fuel, or battery charge. Recent approaches support
planning with convex dynamics (49) and non-convex dynamics by discretizing time (50).
Although these methods have many use-cases, they currently cannot be directly applied to
most tamp problems because they assume the set of actions is finite.
3. TASK AND MOTION PLANNING
To find solutions to tamp problems, we need to integrate aspects of motion planing, multi-
modal motion planning, and task planning. In this section, we introduce a framework for
describing tamp problems and algorithms that allows us to describe most of the broad range
of existing methods within a unified framework, and which we hope elucidates modeling and
algorithmic trade-offs among them. We begin by providing a formalism for describing tamp
problems, then characterize solution methods in terms of their strategies for sequencing
actions, for selecting their continuous parameters, and for integrating these methods.
3.1. TAMP problem description
Informally, tamp problems use compact representational strategies from task planning to
describe and extend a class of mmmp problems. tamp is an extension of mmmp in that there
may be additional state variables that are not geometric or kinematic, such as whether the
lights are on or the pizza is cooked. We begin by articulating a generic mmmp, using an
extension of a task-planning formulation, in Figure 6. There are two extensions of the task-
planning formalism visible here. First, there are continuous action parameters. Second, in
addition to preconditions and effects we have a new type of clause, called con for constraint.
It is a set of constraints that all must hold true among the continuous parameters of the
action in order for it to be a legal specification of a transition of the system.
moveWithin[i](θ, w, τ, w′)
con: τ(0) = w, τ(1) = w′,
(∀t ∈ [0, 1] FΣi(θ)(τ(t)))
pre: mode = Σi(θ) , conf = w
eff: conf ← w′
switchModes[i,j](w, θ, θ′)
con: FΣi(θ1)(w), FΣj(θ2)(w)
pre: mode = Σi(θ1) , conf = w
eff: mode ← Σj(θ2)
Figure 6: A formalization of mmmp in the style of task planning. There is a moveWithin
action for each mode family Σi and a switchModes action for each mode family pair Σi,Σj.
This formulation does not extend to the basic formulation of mmmp, but it provides
a clear articulation of the overall system dynamics. In a domain with a large number of
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objects, there will be a large number of mode families, each of which requires specifying a
constraint on a very high-dimensional world configuration space. What tamp adds is the
ability to “unpack” the entities in the problem description into sub-parts that are simpler to
describe and that reveal substructure in the problem that enables algorithmic insights. We
will illustrate this process in a tamp generalization of the “cooking” domain from Section
2.3 using one particular formalization style, shown in Figure 7.
Consider an example which has five movable objects, A through E. We decompose the
system configuration w into state variables atRob, holding, at[A], at[B], at[C], at[D],
and at[E]. The discrete state variable holding can take values ranging over {None, A,
B, C, D, E} and specifies the current mode family Σ. The variable atRob is now a robot
configuration, and at[obj] is the pose of object obj relative to either the world coordinate
frame (when holding 6= obj) or the robot hand coordinate frame (when holding = obj).
The moveF (move while the gripper is free) and moveH (move while the gripper is holding)
actions describe transit and transfer motion within modes. The pick action corresponds to
a switch from a transit mode to a transfer mode, while the place action corresponds to a
switch from a transfer mode to a transit mode.
The sparsity of effect of planning action descriptions is a good match for articulating
which state variables are changed (and, implicitly, which ones stay the same). We can see
that, in each action description, the eff: clause indicates just the variables that change.
When the preconditions involve discrete constant values (such as None), they are being used
to specify the mode family of the initial state of the transition. The advantage of being
able to use templates is apparent: the moveH action has a template parameter obj, meaning
that there is a mode family for each object being held.
moveF(q, τ, q′, pA, . . . , pE)
con: Motion(q, τ, q′), CFreeW(τ ), CFreeA(pA, τ ), ..., CFreeE(pE, τ )
pre: holding = None , atRob = q , atA = pA , ..., atE = pE
eff: atRob ← q′
moveH[obj](g, q, τ, q′, pA, . . . , pE)
con: Motion(q, τ, q′), CFreeW[obj](g, τ ),
CFreeA[obj](pA, g, τ ), ..., CFreeE[obj](pE, g, τ )
pre: holding = obj , at[obj] = g , atRob = q , atA = pA , ..., atE = pE
eff: atRob ← q′
pick[obj](q, p, g)
con: Stable[obj](p), Grasp[obj](g), Kin[obj](q, p, g)
pre: holding = None , atRob = q , at[obj] = p
eff: holding ← obj , at[obj]← g
place[obj](q, p, g)
con: Stable[obj](p), Grasp[obj](g), Kin[obj](q, p, g)
pre: holding = obj , atRob = q , at[obj] = g
eff: holding ← None , at[obj]← p
cook[obj](p)
con: Stable[obj](p), OnStove[obj](p)
pre: at[obj] = p
eff: cooked[obj]← True
Figure 7: One formalization of tamp for an environment that contains the movable objects A,
B, C, D, and E. Actions now have real-valued parameters and constraints on these parameters.
Just as we have decomposed the configuration and the mode, we can decompose con-
www.annualreviews.org • Task and Motion Planning 13
straints, expressing them as conjunctions of constraints with smaller arity. For example,
the pick action has the constraint Kin[obj](q, p, g). For any particular value of obj, repre-
senting an actual object in the domain, this represents a kinematic constraint, saying that
if the robot is in configuration q and holding object obj in grasp g, then obj will be at pose
p. In moveF and moveH, the Motion(q, τ, q′) constraint specifies the relationship between
a trajectory τ and two robot configurations, asserting that τ(0) = q, τ(1) = q′, and τ is
continuous. Notice that the trajectory τ appears neither in the preconditions nor effects of
these actions; they are auxiliary parameters that describe motion within the modes. The
Stable[obj](p) constraint requires that p be a pose representing a stable placement for ob-
ject obj on a static object in the world. Similarly, the OnStove[obj](p) constraint requires
that p be a stable placement where obj is specifically on a stove. The Grasp[obj](g) con-
straint defines stable grasp poses (transforms between the hand frame and object frame)
g for object obj. This set may be finite if there only a few known grasps but could be
uncountably infinite, in general. The collision-free constraint CFreeA[obj](p, g, τ) asserts
that if object A is at pose p, the robot is holding obj in grasp g, and it executes trajectory τ ,
no collision will occur. The constraint CFreeW[obj](g, τ) is defined similarly except that it
involves the fixed objects in the world (indicated by the abbreviation W). Finally, although
not pictured, because the pA, . . . , pE parameters in the moveF and moveH actions are each
only mentioned in a single constraint and precondition, they can be compiled away using
state constraints (51) or inference rules (axioms) (52), resulting in these actions templates
being independent of the number of objects in the problem instance.
3.1.1. The form of solutions. In preparation for studying algorithms for solving tamp prob-
lems, it is useful to examine the form of a solution, which is a finite sequence of action
instances pi = [a1, . . . , ak], where each ai includes assigned values for all parameters that
satisfy that action’s constraints. These actions induce a state sequence [s0, s1, . . . , sk], where
each si is a state expressed as an assignment of values to state variables, s0 is the initial
state of the problem, si−1 satisfies the preconditions of ai, si is the result of executing ai
in si−1, and sk satisfies the goal conditions. Selecting the action templates and values for
the template variables specifies the form of a solution, which we call a plan skeleton. If
the skeleton is fixed, the set of variables for which values must be selected is determined,
and the problem that remains is one of selecting those values so that the constraints of the
actions in the skeleton are satisfied.
Consider a tamp problem with a single movable object A. Suppose the initial state
is s0 = {atRob=q0, at[A]=p0, holding=None, cooked[A]=False}, where the bold math-
ematical symbols q0,p0 are real-valued constants. The set of goal states can be defined
using conditions and constraints, such as cookedA=True. One possible plan skeleton is:
pi = [moveF(q0, τ1, q1), pick[A](q1,p0, g2), (1)
moveH[A](q1, τ3, q3), place[A](q3, p4, g2), cook[A](p4)].
where q1, τ1, g2, q2, τ3, p4 are the free parameters. Plan skeletons can be visualized graphi-
cally by enumerating the sequence of |pi|+ 1 values of each state variable, as well as motion
parameters τ1, τ3, and associating the constraints of the ith action with the appropriate
i− 1 and i state variables. Figure 8 illustrates this plan skeleton in the form of a dynamic
factor graph (53). Round nodes represent state variables, and rectangular nodes represent
constraints. Gray nodes have constant values, and colored nodes represent variables. Each
vertical column corresponds to a state; the actions in the skeleton, which are responsible
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for the state changes are shown between the state columns, at the top. Multiple nodes of
the same color represent a single variable that is constrained to maintain its current value
across multiple steps of the plan. Each constraint is connected to the variables it constrains.
Any assignment of values to the variables that satisfies all the constraints “fills out” the
skeleton into a complete legal plan that is guaranteed to achieve the goal. However, it may
be the case that no satisfying assignment exists.
A
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<latexit sha1_base64="OHFjwvU4svsiAGhNpoHBj9G63b 4=">AAAFTXichZRLbxMxEIDdktISXi0cubisKrUIqmyKBAcOpVCJC2pp01I1m0Ze72xjxWuvbKcPLP8PrvCHOPNDuCGEdz d9JA1ipESzM988bTnOOdOm0fg5NX2rNnN7du5O/e69+w8ezi882tdyoCjsUcmlOoiJBs4E7BlmOBzkCkgWc/gc998V/s8n oDSTomXOc+hk5FiwlFFivOkoypOE25zRfvttx3Xng8ZqoxR8UwmHSoCGst1dqK1EiaSDDIShnGjdDhu56ViiDKMcXD0aaM gJ7ZNjaHtVkAx0x5ZtO7zkLQlOpfI/YXBpvR5hSab1eRZ7MiOmp8d9hXGSrz0w6euOZSIfGBC0KpQOODYSFzvACVNADT/3 CqGK+V4x7RFFqPGbqteXIgGnVGYZEYmNTJy49lrHWndkg6azQei6NlhzfrjrWO7azSEUurxboL4wDkL85gVuFX9BczSidT 2iVUWMErtbrh12bFRMqDLrP5eDcGUc2hyFNidBxTFXmIEzY0xRcgLSP72C4rSylegYm4HpyeSK1XSY8D34a6Dgo+9lKwdF jFTPPM4Ey9gXcPZS81vGCaT+1uITfxb+DvjE2M+g2BkuDl1yPVrzhJqqoHclFVEW9UuuMoy1SP6JV1VGcarN1Rp1WqGepV JoQ4QZuxQtZ4/86DJ30WK0WCQ1igidSw2TSb8kleGWG0XrS17wbg6UEV701Zs8e8qAJ1f9xfGE89txQ87ulFX8K8BxIjPC xFhLG5fkRknGUnIg4gK+wdrGcxxG/0UPL9MeliwTBo5BXbD+cQnHn5Kbyn5zNVxbbX56GaxvDJ+ZOfQEPUXLKESv0Dr6gL bRHqJIoa/oG/pe+1H7Vftd+1Oh01PDmMdoRGZm/wLZy9Ao</latexit>
place[A]
<latexit sha1_base64="/l73BK+in1+pTIeIrhVpbn6BjFM=">AAAFUHichZRbb9MwFIC90cEol23wyItHNGlDMDUdEjz wMAaTeEEbW3fRmq5ynJPVmmNHtrsLln8Jr/CHeOOf8AZO0q1rV4SlJCfH37n6yHHOmTaNxq+p6Tu1mbv3Zu/XHzx89HhufuHJvpZ9RWGPSi7VYUw0cCZgzzDD4TBXQLKYw0F8+qHYPzgDpZkULXOZQycjJ4KljBLjVd35uShPEm5zTii033dcdz5orDb KhW8L4UAI0GBtdxdqK1EiaT8DYSgnWrfDRm46lijDKAdXj/oackJPyQm0vShIBrpjy8wdXvKaBKdS+UcYXGpvWliSaX2ZxZ7MiOnp8b1COWmv3Tfp245lIu8bELQKlPY5NhIXbcAJU0ANv/QCoYr5XDHtEUWo8c2q15ciAedUZhkRiY1MnLj2Wsdad2y DprNB6Lo2WHO+uJtY7trNARS6vFugPjAOQvzuFW4Vr6A5atG6adGqLEaJ3S3XDjs2KipUmfW/y0G4Mg5tjkKbk6DinCvMwIUxpgg5ATk9H0JxWulKdIzNwPRkMmQ1HTj8CH4MFHz2uWzloIiR6oXHmWAZ+wrOXku+yziB1A8uPvNn4WfAO8a+BsUucHH okuvRmGfUVAH9VlIRZVDf5MrDWIrkn3gVZRSn2gzbqNMK9SyVQhsizNhQtJw99qXL3EWL0WLh1CgidC41TCZ9k1SGW24UrS/5hXdzoIzwIq/e5NpTBjwZ5hfHE85vxw04u1NG8RcBx4nMCBNjKW1ckxslGUvJgYgr+BZrGy9xGP0XPbp2e1SyTBg4AXX F+sslHL9Kbgv7zdVwbbX55XWwvjG4ZmbRM/QcLaMQvUHr6BPaRnuIoj76hr6jH7Wftd+1PzNTFTo9+KKnaGTN1P8CjyzPwg==</latexit>
A
<latexit sha1_base64="DIP/NZNW+C8rr6VIV22zTUf86jI=">AAAFR3ichZRb b9MwFIC90cEotw0eefGIJm0IpqZDggcexmASL2hj6y5a01WOc7Jac+zIdnfB8p/gFf4QP4FfwRviESfp1rUrwlKik+PvXH3iOOdMm0bj59T0rdrM7Tuzd+v37j94+Gh u/vGeln1FYZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyvtjfPwWlmRQtc5FDJyPHgqWMEuNVB1GeJNy+c925oLHSKBe+KYQDIUCDtdWdry1HiaT9DIShnGjdDhu56ViiDK McXD3qa8gJPSHH0PaiIBnoji0TdnjRaxKcSuUfYXCpvW5hSab1RRZ7MiOmp8f3CuWkvXbfpG86lom8b0DQKlDa59hIXFSPE6aAGn7hBUIV87li2iOKUON7VK8vRgLOq MwyIhIbmThx7dWOte7IBk1ng9B1bbDqfHHXsdy1mwModHm3QH1gHIT47UvcKl5Bc9Sidd2iVVmMEjubrh12bFRUqDLrP5eCcHkc2hiFNiZBxQFXmIFzY0wRcgJycjaE 4rTSlegYm4HpyWTIajpw+AH8GCj45HPZzEERI9VzjzPBMvYFnL2SfJdxAqmfV3zqz8LPgHeMfQ2KnePi0CXXozFPqakC+q2kIsqgvsmVh7EUyT/xKsooTrUZtlGnFep ZKoU2RJixoWg5e+RLl7mLFqKFwqlRROhcaphM+iapDLfcKFpf9Avv5EAZ4UVevcm1pwx4Mswvjiec37YbcHa7jOL/f44TmREmxlJavyLXSzKWkgMRl/AN1jZe4DD6L3 p45fawZJkwcAzqkvWXSzh+ldwU9por4epK8/OrYG19cM3MoqfoGVpCIXqN1tBHtIV2EUUcfUXf0Pfaj9qv2u/anwqdnhrYPEEja2bqL0fnzY0=</latexit>
atRob
<latexit sha1_base64="PD 2OIN+v0EC9X77u7++hYEUdxdA=">AAAFS3ichZRLbxMxEID dkkIJj7Zw5OKyqtQiqLIpEhw4VIVKXFBLmz7UbBp5vd7Gqt de2ZM+sPw3uMIf4gfwO7ghDnh306ZJgxgp0ezMN09bjnPBD TQaP6em79Rm7t6bvV9/8PDR47n5hSf7RvU1ZXtUCaUPY2KY 4JLtAQfBDnPNSBYLdhCfvi/8B2dMG65kCy5z1snIieQppwS 8KYryJBGWwI6KXXc+aKw2SsG3lXCgBGgg292F2kqUKNrPmA QqiDHtsJFDxxINnArm6lHfsJzQU3LC2l6VJGOmY8umHV7yl gSnSvufBFxab0ZYkhlzmcWezAj0zLivME7ytfuQvu1YLvM+ MEmrQmlfYFC42ABOuGYUxKVXCNXc94ppj2hCwe+pXl+KJDu nKsuITGwEceLaax1r3bENms4GoevaYM354W5iuWs3B1Do8m 6B+sI4CPG7V7hV/AXN0YjWzYhWFTFK7G65dtixUTGhzqz/X A7ClXFocxTanAQVh1xhwC4AoCg5ATk9H0JxWtlKdIzNGPRU MmQNHST8wPw10OyT72UrZ5qA0i88ziXP+Bfm7LXmt4wTlvo 7i8/8Wfg74BNjP4PmF7g4dCXMaM0zClVB70oqoizql1xlGG uR/BOvqozi1MBwjSatUM9SJQ0QCWOXouXssR9d5S5ajBaLp KCJNLkybDLpl6Qz3HKjaH3JC97NGeVEFH31Js+eciaSYX9x POH8dtyAsztlFf8GCJyojHA51tLGNblRkrFSghF5Bd9ibeM lDqP/okfXaY9KlktgJ0xfsf5xCcefktvKfnM1XFttfn4drG 8MnplZ9Aw9R8soRG/QOvqIttEeoihHX9E39L32o/ar9rv2p 0KnpwYxT9GIzMz8BU58z2w=</latexit>
at[A]
<latexit sha1_base64="t9 5h9iMsEHWFFRqRskxImQ4eO64=">AAAFS3ichZRLbxMxEID dkkIJrxaOXFxWlVoEVTZFggOHUqjEBbW06UPNppHX622seu 2VPekDy3+DK/whfgC/gxvigHc3bZo0iJESzc5887TlOBfcQ KPxc2r6Vm3m9p3Zu/V79x88fDQ3/3jPqL6mbJcqofRBTAwT XLJd4CDYQa4ZyWLB9uOT94V//5Rpw5VswUXOOhk5ljzllIA 3RVGeJMISaL/ruO5c0FhplIJvKuFACdBAtrrzteUoUbSfMQ lUEGPaYSOHjiUaOBXM1aO+YTmhJ+SYtb0qScZMx5ZNO7zoL QlOlfY/Cbi0Xo+wJDPmIos9mRHomXFfYZzka/chfdOxXOZ9 YJJWhdK+wKBwsQGccM0oiAuvEKq57xXTHtGEgt9Tvb4YSXZ GVZYRmdgI4sS1VzvWuiMbNJ0NQte1warzw13HctduDqDQ5d 0C9YVxEOK3L3Gr+AuaoxGt6xGtKmKU2Nl07bBjo2JCnVn/u RSEy+PQxii0MQkqDrnCgJ0DQFFyAnJyNoTitLKV6BibMeip ZMgaOkj4gflroNkn38tmzjQBpZ97nEue8S/M2SvNbxknLPV 3Fp/6s/B3wCfGfgbNz3Fx6EqY0ZqnFKqC3pVURFnUL7nKMN Yi+SdeVRnFqYHhGk1aoZ6lShogEsYuRcvZIz+6yl20EC0US UETaXJl2GTSL0lnuOVG0fqiF7yTM8qJKPrqTZ495Uwkw/7i eML5bbsBZ7fLKv4NEDhRGeFyrKX1K3K9JGOlBCPyEr7B2sY LHEb/RQ+v0h6WLJfAjpm+ZP3jEo4/JTeVveZKuLrS/PwqWF sfPDOz6Cl6hpZQiF6jNfQRbaFdRFGOvqJv6HvtR+1X7XftT 4VOTw1inqARmZn5C4IPz0I=</latexit>
moveH[A]
<latexit sha1_base64="soNsYTyewGtgLtuws8ScG9Ru3TE=">AAAFUHichZTNTxQxFMALLorrB6BHL8UJCRglO4uJHjw gSsLFgLAIYWfZdDpv2IZpO2m7C9j0L/Gq/5A3/xNv2plZPnZZY5OZefP6e599aZxnTJtG49fU9J3azN17s/frDx4+ejw3v/Dki5Z9RWGfykyqw5hoyJiAfcNMBoe5AsLjDA7i0w/F/sEAlGZStMxFDh1OTgRLGSXGq7rzc1GeJJnlcgBb7fcd150PGqu NcuHbQjgUAjRcO92F2kqUSNrnIAzNiNbtsJGbjiXKMJqBq0d9DTmhp+QE2l4UhIPu2DJzh5e8JsGpVP4RBpfamxaWcK0veOxJTkxPj+8Vykl77b5J33YsE3nfgKBVoLSfYSNx0QacMAXUZBdeIFQxnyumPaIINb5Z9fpSJOCMSs6JSGxk4sS11zrWumM bNJ0NQte1wZrzxd3EctduDqHQ5d0C9YFxEOJ3r3CreAXNUYvWTYtWZTFK7G27dtixUVGh4tb/Lgfhyji0OQptToKKc64wA+fGmCLkBOT07BqK00pXomMsB9OTyTWr6dDhR/BjoOCTz2U7B0WMVC88zgTj7Cs4eyX5LuMEUj+4eODPws+Ad4x9DYqd4+L QZaZHYw6oqQL6raQiyqC+yZWHsRTJP/EqyihOtbluo04r1LNUCm2IMGND0XL22JcucxctRouFU6OI0LnUMJn0TVIct9woWl/yC+/lQBnJirx6k2tPGWTJdX5xPOH8dt2Qs7tlFH8RZDiRnDAxltLGFblRkrGUGRBxCd9ibeMlDqP/okdXbo9KlgkDJ6A uWX+5hONXyW3hS3M1XFttfn4drG8Mr5lZ9Aw9R8soRG/QOtpCO2gfUdRH39B39KP2s/a79mdmqkKnh1/0FI2smfpfchXPvA==</latexit>
holding
<latexit sha1_base64="7q sLmfY8c4cx+k3KdVWHaHD/+8U=">AAAFTXichZRLbxMxEID dktISXi0cubisKrUIqmyKBAcOVaESF9TSpg81m1Ze72xi1W uvbKcPLP8PrvCHOPNDuCGEdzdtmjSIkRLNznzztOU450ybR uPn1PSd2szd2bl79fsPHj56PL/wZF/LvqKwRyWX6jAmGjgT sGeY4XCYKyBZzOEgPn1f+A/OQGkmRctc5tDJSFewlFFivOk 4ypOE257kCRNddzIfNFYbpeDbSjhQAjSQ7ZOF2kqUSNrPQB jKidbtsJGbjiXKMMrB1aO+hpzQU9KFtlcFyUB3bNm2w0vek uBUKv8TBpfWmxGWZFpfZrEnM2J6etxXGCf52n2Tvu1YJvK+ AUGrQmmfYyNxsQOcMAXU8EuvEKqY7xXTHlGEGr+pen0pEnB OZZYRkdjIxIlrr3Wsdcc2aDobhO7EBmvOD3cTy127OYBCl5 8UqC+MgxC/e4VbxV/QHI1o3YxoVRGjxO6Wa4cdGxUTqsz6z +UgXBmHNkehzUlQccwVZuDCGFOUnICcng+hOK1sJTrGZmB6 Mhmymg4SfgB/DRR88r1s5aCIkeqFx5lgGfsCzl5rfss4gdT fWnzmz8LfAZ8Y+xkUu8DFoUuuR2ueUVMV9K6kIsqifslVhr EWyT/xqsooTrUZrlGnFepZKoU2RJixS9Fy9tiPLnMXLUaLR VKjiNC51DCZ9EtSGW65UbS+5AXv5kAZ4UVfvcmzpwx4Muwv jiec344bcHanrOJfAY4TmREmxlrauCY3SjKWkgMRV/At1jZ e4jD6L3p0nfaoZJkw0AV1xfrHJRx/Sm4r+83VcG21+fl1sL 4xeGbm0DP0HC2jEL1B6+gj2kZ7iCKFvqJv6HvtR+1X7XftT 4VOTw1inqIRmZn9CynA0G0=</latexit>
cook[A]
<latexit sha1_base64="55YnRQZA1R3OXHQiitVVI4g49bE=">AAAFTXichZRLbxMxEIDdktISXi0cubisKrUIqmyKBAc OpVCJC2pp01I1m0Ze72xjxWuvbKcPLP8PrvCHOPNDuCGEdzd9JA1ipESzM988bTnOOdOm0fg5NX2rNnN7du5O/e69+w8ezi882tdyoCjsUcmlOoiJBs4E7BlmOBzkCkgWc/gc998V/s8noDSTomXOc+hk5FiwlFFivOkoypOEWyplv/2247rzQWO1UQq +qYRDJUBD2e4u1FaiRNJBBsJQTrRuh43cdCxRhlEOrh4NNOSE9skxtL0qSAa6Y8u2HV7ylgSnUvmfMLi0Xo+wJNP6PIs9mRHT0+O+wjjJ1x6Y9HXHMpEPDAhaFUoHHBuJix3ghCmghp97hVDFfK+Y9ogi1PhN1etLkYBTKrOMiMRGJk5ce61jrTuyQdP ZIHRdG6w5P9x1LHft5hAKXd4tUF8YByF+8wK3ir+gORrRuh7RqiJGid0t1w47NiomVJn1n8tBuDIObY5Cm5Og4pgrzMCZMaYoOQHpn15BcVrZSnSMzcD0ZHLFajpM+B78NVDw0feylYMiRqpnHmeCZewLOHup+S3jBFJ/a/GJPwt/B3xi7GdQ7AwXhy6 5Hq15Qk1V0LuSiiiL+iVXGcZaJP/EqyqjONXmao06rVDPUim0IcKMXYqWs0d+dJm7aDFaLJIaRYTOpYbJpF+SynDLjaL1JS94NwfKCC/66k2ePWXAk6v+4njC+e24IWd3yir+FeA4kRlhYqyljUtyoyRjKTkQcQHfYG3jOQ6j/6KHl2kPS5YJA8egLlj /uITjT8lNZb+5Gq6tNj+9DNY3hs/MHHqCnqJlFKJXaB19QNtoD1Gk0Ff0DX2v/aj9qv2u/anQ6alhzGM0IjOzfwHyHNAt</latexit>
cooked[A]
<latexit sha1_base64="fn ALftrzd9gbPaEBsoiyghMzeY8=">AAAFUXichZRPTxNBFMA HbBWLStGjl8ENCRgl3WKiBw+IkngxIJQ/oVua2dm3dNLdmc 3MtICT+SZe9Qt58qN4c3a3UFpqfEmbt+/93t+ZTJglTOlG4 /fc/L1K9f6DhYe1xUePnyzVl58eKTGQFA6pSIQ8CYmChHE4 1EwncJJJIGmYwHHY/5j7j4cgFRO8pa8y6KTknLOYUaKdqVu vB1kUJYYK0Yeo/aFju3WvsdEoBN9V/JHioZHsdZcr60Ek6C AFrmlClGr7jUx3DJGa0QRsLRgoyAjtk3NoO5WTFFTHFK1bv OosEY6FdD+ucWG9HWFIqtRVGjoyJbqnpn25cZavPdDxu45h PBto4LQsFA8SrAXO94AjJoHq5MophErmesW0RySh2m2rVls NOFxQkaaERybQYWTbmx1j7JnxmtZ4vu0ab9O64W5jmW03R5 Bvs26OusLY8/H717iV/3nNyYjW7YhWGTFJHOzatt8xQT6hT I37XPP89WloZxLamQXlB11iGi611nnJGUj/YgyFcWkr0Ck2 Bd0T0ZhVdJTwE7hrIOGL62U3A0m0kC8dzjhL2Tew5kZzW8Y RxO7m4qE7C3cHXGLsZpDsEueHLhI1WXNIdVnQuaKSKIq6JZ cZplok/8TLKpM4VXq8RhWXqGOp4EoTrqcuRcuaMze6yGywE qzkSbUkXGVCwWzSLUmmuGUn0dqqE3yQAWUkyfvqzZ49ZpBE 4/7CcMb57dsRZ/aLKu4lSHAkUsL4VEvbN+R2QYZCJED4NXy HNY1X2A/+i57epD0tWMY1nIO8Zt3j4k8/JXeVo+aGv7nR/P rG29oePTML6Dl6gdaQj96iLfQZ7aFDRNEQfUc/0M/Kr8qfK qrOl+j83CjmGZqQ6uJfu2rPPQ==</latexit>
None<latexit sha1_base64="7GM8kPc5myWRvwQ11K994aE3PjU=">AAAFSnichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlCJC7S06UPNppHXO9tY9dor2+ kDyz+DK/wh/gB/gxvignc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v37j94+Ghu/vGeln1FYZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmdpQnCbefpADXnQsaK41S8E0lHCgBGshWd762HCWS9jMQhnKidTts5KZjiTKMcnD1qK8hJ/SEHEPbq4JkoDu27NnhRW9JcCqV/wmDS+v1CE syrS+y2JMZMT097iuMk3ztvknfdCwTed+AoFWhtM+xkbhYAE6YAmr4hVcIVcz3immPKEKNX1O9vhgJOKMyy4hIbGTixLVXO9a6Ixs0nQ1C17XBqvPDXcdy124OoNDl3QL1hXEQ4rcvcav4C5qjEa3rEa0qYpTY2XTtsGOjYkKVWf+5FITL49DGKLQxCSrOuMIMnBtjipITkJOzIRSnla1Ex9gMTE8mQ1bTQcL34K+Bgo++l80cF DFSPfc4EyxjX8DZK81vGSeQ+iuLT/1Z+DvgE2M/g2LnuDh0yfVozVNqqoLelVREWdQvucow1iL5J15VGcWpNsM16rRCPUul0IYIM3YpWs4e+dFl7qKFaKFIahQROpcaJpN+SSrDLTeK1he94J0cKCO86Ks3efaUAU+G/cXxhPPbdgPObpdV/BPAcSIzwsRYS+tX5HpJxlJyIOISvsHaxgscRv9FD6/SHpYsEwaOQV2y/nEJx5+Sm 8pecyVcXWl+fhWsrQ+emVn0FD1DSyhEr9Ea+oC20C6iSKKv6Bv6XvtR+1X7XftTodNTg5gnaERman8BKA7O+g==</latexit>
False<latexit sha1_base64="jVZSk+84d5GNR/MAyVDIe0eAxaM=">AAAFS3ichZRLbxM xEIDdkkIJrxaOXFxWlVoEVTZFggOHqlDEBbW06UPNppHXO9tY9dor2+kDy3+DK/whfgC/gxvigHc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v37j94+Ghu/vGeln1F YZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmKMqThNsPhGtw3bmgsdIoBd9UwoESoIFsdedry1EiaT8DYSgnWrfDRm46lijDKAdXj/oackJPy DG0vSpIBrpjy6YdXvSWBKdS+Z8wuLRej7Ak0/oiiz2ZEdPT477COMnX7pv0TccykfcNCFoVSvscG4mLDeCEKaCGX3iFUMV8r5j2iCLU+D3V64uRgDMqs4yIxEYmTlx7tWOtO 7JB09kgdF0brDo/3HUsd+3mAApd3i1QXxgHIX77EreKv6A5GtG6HtGqIkaJnU3XDjs2KiZUmfWfS0G4PA5tjEIbk6DikCvMwLkxpig5ATk5G0JxWtlKdIzNwPRkMmQ1HSR8D/ 4aKPjke9nMQREj1XOPM8Ey9gWcvdL8lnECqb+z+NSfhb8DPjH2Myh2jotDl1yP1jylpiroXUlFlEX9kqsMYy2Sf+JVlVGcajNco04r1LNUCm2IMGOXouXskR9d5i5aiBaKpEY RoXOpYTLpl6Qy3HKjaH3RC97JgTLCi756k2dPGfBk2F8cTzi/bTfg7HZZxb8BHCcyI0yMtbR+Ra6XZCwlByIu4RusbbzAYfRf9PAq7WHJMmHgGNQl6x+XcPwpuansNVfC1ZXm 51fB2vrgmZlFT9EztIRC9BqtoY9oC+0iinL0FX1D32s/ar9qv2t/KnR6ahDzBI3IzMxfDtbPXw==</latexit> True<latexit sha1_base64="UNf7AW2JjROdQGGGEeOf3Tl8rdk=">AAAFSnichZRLbxMxEIDdkkIJj7Zw5OKyqtQiqLIpEhw4VIVKXFBLmz7UbBp5vbONVa+9sp0+sPwzuMIf4 g/wN7ghLnh306ZJgxgp0ezMN09bjnPOtGk0fk5N36nN3L03e7/+4OGjx3PzC0/2tewrCntUcqkOY6KBMwF7hhkOh7kCksUcDuLT94X/4AyUZlK0zGUOnYycCJYySow3taM8SbhtqT647nzQWG2Ugm8r4UAJ0EC2uwu1lSiRtJ+BMJQTrdthIzcdS5RhlIOrR30NOaGn5ATaXhUkA92xZc8OL3lLglOp/E8YXFpvRliSaX2ZxZ7MiOnpcV9hnORr9036tmOZyPs GBK0KpX2OjcTFAnDCFFDDL71CqGK+V0x7RBFq/Jrq9aVIwDmVWUZEYiMTJ6691rHWHdug6WwQuq4N1pwf7iaWu3ZzAIUu7xaoL4yDEL97hVvFX9AcjWjdjGhVEaPE7pZrhx0bFROqzPrP5SBcGYc2R6HNSVBxxhVm4MIYU5ScgJyeD6E4rWwlOsZmYHoyGbKaDhJ+AH8NFHzyvWzloIiR6oXHmWAZ+wLOXmt+yziB1F9ZfObPwt8Bnxj7GRS7wMWhS65Ha55RU xX0rqQiyqJ+yVWGsRbJP/GqyihOtRmuUacV6lkqhTZEmLFL0XL22I8ucxctRotFUqOI0LnUMJn0S1IZbrlRtL7kBe/mQBnhRV+9ybOnDHgy7C+OJ5zfjhtwdqes4p8AjhOZESbGWtq4JjdKMpaSAxFX8C3WNl7iMPovenSd9qhkmTBwAuqK9Y9LOP6U3Fb2m6vh2mrz8+tgfWPwzMyiZ+g5WkYheoPW0Ue0jfYQRRJ9Rd/Q99qP2q/a79qfCp2eGsQ8RSMyU/ sLdf3PCg==</latexit>
None<latexit sha1_base64="7GM8kPc5myWRvwQ11K994aE3PjU=">AAAFSnichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlCJC7S06UPNppHXO9tY9dor2+ kDyz+DK/wh/gB/gxvignc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v37j94+Ghu/vGeln1FYZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmdpQnCbefpADXnQsaK41S8E0lHCgBGshWd762HCWS9jMQhnKidTts5KZjiTKMcnD1qK8hJ/SEHEPbq4JkoDu27NnhRW9JcCqV/wmDS+v1CE syrS+y2JMZMT097iuMk3ztvknfdCwTed+AoFWhtM+xkbhYAE6YAmr4hVcIVcz3immPKEKNX1O9vhgJOKMyy4hIbGTixLVXO9a6Ixs0nQ1C17XBqvPDXcdy124OoNDl3QL1hXEQ4rcvcav4C5qjEa3rEa0qYpTY2XTtsGOjYkKVWf+5FITL49DGKLQxCSrOuMIMnBtjipITkJOzIRSnla1Ex9gMTE8mQ1bTQcL34K+Bgo++l80cF DFSPfc4EyxjX8DZK81vGSeQ+iuLT/1Z+DvgE2M/g2LnuDh0yfVozVNqqoLelVREWdQvucow1iL5J15VGcWpNsM16rRCPUul0IYIM3YpWs4e+dFl7qKFaKFIahQROpcaJpN+SSrDLTeK1he94J0cKCO86Ks3efaUAU+G/cXxhPPbdgPObpdV/BPAcSIzwsRYS+tX5HpJxlJyIOISvsHaxgscRv9FD6/SHpYsEwaOQV2y/nEJx5+Sm 8pecyVcXWl+fhWsrQ+emVn0FD1DSyhEr9Ea+oC20C6iSKKv6Bv6XvtR+1X7XftTodNTg5gnaERman8BKA7O+g==</latexit>None<latexit sha1_base64="7GM8kPc5myWRvwQ11K994aE3PjU=">AAAFSnich ZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlCJC7S06UPNppHXO9tY9dor2+kDyz+DK/wh/gB/gxvignc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v 37j94+Ghu/vGeln1FYZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmdpQnCbefpADXnQsaK41S8E0lHCgBGshWd762HCWS9jMQh nKidTts5KZjiTKMcnD1qK8hJ/SEHEPbq4JkoDu27NnhRW9JcCqV/wmDS+v1CEsyrS+y2JMZMT097iuMk3ztvknfdCwTed+AoFWhtM+xkbhYAE6YAmr4hVcIVcz 3immPKEKNX1O9vhgJOKMyy4hIbGTixLVXO9a6Ixs0nQ1C17XBqvPDXcdy124OoNDl3QL1hXEQ4rcvcav4C5qjEa3rEa0qYpTY2XTtsGOjYkKVWf+5FITL49DG KLQxCSrOuMIMnBtjipITkJOzIRSnla1Ex9gMTE8mQ1bTQcL34K+Bgo++l80cFDFSPfc4EyxjX8DZK81vGSeQ+iuLT/1Z+DvgE2M/g2LnuDh0yfVozVNqqoLelV REWdQvucow1iL5J15VGcWpNsM16rRCPUul0IYIM3YpWs4e+dFl7qKFaKFIahQROpcaJpN+SSrDLTeK1he94J0cKCO86Ks3efaUAU+G/cXxhPPbdgPObpdV/BPA cSIzwsRYS+tX5HpJxlJyIOISvsHaxgscRv9FD6/SHpYsEwaOQV2y/nEJx5+Sm8pecyVcXWl+fhWsrQ+emVn0FD1DSyhEr9Ea+oC20C6iSKKv6Bv6XvtR+1X7Xf tTodNTg5gnaERman8BKA7O+g==</latexit>None<latexit sha1_base64="7GM8kPc5myWRvwQ11K994aE3PjU=">AAAFSnich ZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlCJC7S06UPNppHXO9tY9dor2+kDyz+DK/wh/gB/gxvignc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v 37j94+Ghu/vGeln1FYZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmdpQnCbefpADXnQsaK41S8E0lHCgBGshWd762HCWS9jMQh nKidTts5KZjiTKMcnD1qK8hJ/SEHEPbq4JkoDu27NnhRW9JcCqV/wmDS+v1CEsyrS+y2JMZMT097iuMk3ztvknfdCwTed+AoFWhtM+xkbhYAE6YAmr4hVcIVcz 3immPKEKNX1O9vhgJOKMyy4hIbGTixLVXO9a6Ixs0nQ1C17XBqvPDXcdy124OoNDl3QL1hXEQ4rcvcav4C5qjEa3rEa0qYpTY2XTtsGOjYkKVWf+5FITL49DG KLQxCSrOuMIMnBtjipITkJOzIRSnla1Ex9gMTE8mQ1bTQcL34K+Bgo++l80cFDFSPfc4EyxjX8DZK81vGSeQ+iuLT/1Z+DvgE2M/g2LnuDh0yfVozVNqqoLelV REWdQvucow1iL5J15VGcWpNsM16rRCPUul0IYIM3YpWs4e+dFl7qKFaKFIahQROpcaJpN+SSrDLTeK1he94J0cKCO86Ks3efaUAU+G/cXxhPPbdgPObpdV/BPA cSIzwsRYS+tX5HpJxlJyIOISvsHaxgscRv9FD6/SHpYsEwaOQV2y/nEJx5+Sm8pecyVcXWl+fhWsrQ+emVn0FD1DSyhEr9Ea+oC20C6iSKKv6Bv6XvtR+1X7Xf tTodNTg5gnaERman8BKA7O+g==</latexit>
False<latexit sha1_base64="jVZSk+84d5GNR/MAyVDIe0eAxaM=">AAAFS3ichZRLbxM xEIDdkkIJrxaOXFxWlVoEVTZFggOHqlDEBbW06UPNppHXO9tY9dor2+kDy3+DK/whfgC/gxvigHc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v37j94+Ghu/vGeln1F YZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmKMqThNsPhGtw3bmgsdIoBd9UwoESoIFsdedry1EiaT8DYSgnWrfDRm46lijDKAdXj/oackJPy DG0vSpIBrpjy6YdXvSWBKdS+Z8wuLRej7Ak0/oiiz2ZEdPT477COMnX7pv0TccykfcNCFoVSvscG4mLDeCEKaCGX3iFUMV8r5j2iCLU+D3V64uRgDMqs4yIxEYmTlx7tWOtO 7JB09kgdF0brDo/3HUsd+3mAApd3i1QXxgHIX77EreKv6A5GtG6HtGqIkaJnU3XDjs2KiZUmfWfS0G4PA5tjEIbk6DikCvMwLkxpig5ATk5G0JxWtlKdIzNwPRkMmQ1HSR8D/ 4aKPjke9nMQREj1XOPM8Ey9gWcvdL8lnECqb+z+NSfhb8DPjH2Myh2jotDl1yP1jylpiroXUlFlEX9kqsMYy2Sf+JVlVGcajNco04r1LNUCm2IMGOXouXskR9d5i5aiBaKpEY RoXOpYTLpl6Qy3HKjaH3RC97JgTLCi756k2dPGfBk2F8cTzi/bTfg7HZZxb8BHCcyI0yMtbR+Ra6XZCwlByIu4RusbbzAYfRf9PAq7WHJMmHgGNQl6x+XcPwpuansNVfC1ZXm 51fB2vrgmZlFT9EztIRC9BqtoY9oC+0iinL0FX1D32s/ar9qv2t/KnR6ahDzBI3IzMxfDtbPXw==</latexit> False<latexit sha1_base64="jVZSk+84d5GNR/MAyVDIe0eAxaM=">AAAFS3ichZRLbxM xEIDdkkIJrxaOXFxWlVoEVTZFggOHqlDEBbW06UPNppHXO9tY9dor2+kDy3+DK/whfgC/gxvigHc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v37j94+Ghu/vGeln1F YZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmKMqThNsPhGtw3bmgsdIoBd9UwoESoIFsdedry1EiaT8DYSgnWrfDRm46lijDKAdXj/oackJPy DG0vSpIBrpjy6YdXvSWBKdS+Z8wuLRej7Ak0/oiiz2ZEdPT477COMnX7pv0TccykfcNCFoVSvscG4mLDeCEKaCGX3iFUMV8r5j2iCLU+D3V64uRgDMqs4yIxEYmTlx7tWOtO 7JB09kgdF0brDo/3HUsd+3mAApd3i1QXxgHIX77EreKv6A5GtG6HtGqIkaJnU3XDjs2KiZUmfWfS0G4PA5tjEIbk6DikCvMwLkxpig5ATk5G0JxWtlKdIzNwPRkMmQ1HSR8D/ 4aKPjke9nMQREj1XOPM8Ey9gWcvdL8lnECqb+z+NSfhb8DPjH2Myh2jotDl1yP1jylpiroXUlFlEX9kqsMYy2Sf+JVlVGcajNco04r1LNUCm2IMGOXouXskR9d5i5aiBaKpEY RoXOpYTLpl6Qy3HKjaH3RC97JgTLCi756k2dPGfBk2F8cTzi/bTfg7HZZxb8BHCcyI0yMtbR+Ra6XZCwlByIu4RusbbzAYfRf9PAq7WHJMmHgGNQl6x+XcPwpuansNVfC1ZXm 51fB2vrgmZlFT9EztIRC9BqtoY9oC+0iinL0FX1D32s/ar9qv2t/KnR6ahDzBI3IzMxfDtbPXw==</latexit> False<latexit sha1_base64="jVZSk+84d5GNR/MAyVDIe0eAxaM=">AAAFS3ichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlDEBbW06UPNppHXO9tY9dor2+kDy3+DK/whf gC/gxvigHc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v37j94+Ghu/vGeln1FYZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmKMqThNsPhGtw3bmgsdIoBd9UwoESoIFsdedry1EiaT8DYSgnWrfDRm46lijDKAdXj/oackJPyDG0vSpIBrpjy6YdXvSWBKdS+Z8wuLRej7Ak0/oiiz2ZEdPT477COMnX7pv0Tccykfc NCFoVSvscG4mLDeCEKaCGX3iFUMV8r5j2iCLU+D3V64uRgDMqs4yIxEYmTlx7tWOtO7JB09kgdF0brDo/3HUsd+3mAApd3i1QXxgHIX77EreKv6A5GtG6HtGqIkaJnU3XDjs2KiZUmfWfS0G4PA5tjEIbk6DikCvMwLkxpig5ATk5G0JxWtlKdIzNwPRkMmQ1HSR8D/4aKPjke9nMQREj1XOPM8Ey9gWcvdL8lnECqb+z+NSfhb8DPjH2Myh2jotDl1yP1jylp iroXUlFlEX9kqsMYy2Sf+JVlVGcajNco04r1LNUCm2IMGOXouXskR9d5i5aiBaKpEYRoXOpYTLpl6Qy3HKjaH3RC97JgTLCi756k2dPGfBk2F8cTzi/bTfg7HZZxb8BHCcyI0yMtbR+Ra6XZCwlByIu4RusbbzAYfRf9PAq7WHJMmHgGNQl6x+XcPwpuansNVfC1ZXm51fB2vrgmZlFT9EztIRC9BqtoY9oC+0iinL0FX1D32s/ar9qv2t/KnR6ahDzBI3IzM xfDtbPXw==</latexit> False<latexit sha1_base64="jVZSk+84d5GNR/MAyVDIe0eAxaM=">AAAFS3ichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlDEBbW06UPNppHXO9tY9dor2+kDy3+DK/whf gC/gxvigHc3bZo0iJESzc5887TlOOdMm0bj59T0rdrM7Tuzd+v37j94+Ghu/vGeln1FYZdKLtVBTDRwJmDXMMPhIFdAspjDfnzyrvDvn4LSTIqWucihk5FjwVJGifGmKMqThNsPhGtw3bmgsdIoBd9UwoESoIFsdedry1EiaT8DYSgnWrfDRm46lijDKAdXj/oackJPyDG0vSpIBrpjy6YdXvSWBKdS+Z8wuLRej7Ak0/oiiz2ZEdPT477COMnX7pv0Tccykfc NCFoVSvscG4mLDeCEKaCGX3iFUMV8r5j2iCLU+D3V64uRgDMqs4yIxEYmTlx7tWOtO7JB09kgdF0brDo/3HUsd+3mAApd3i1QXxgHIX77EreKv6A5GtG6HtGqIkaJnU3XDjs2KiZUmfWfS0G4PA5tjEIbk6DikCvMwLkxpig5ATk5G0JxWtlKdIzNwPRkMmQ1HSR8D/4aKPjke9nMQREj1XOPM8Ey9gWcvdL8lnECqb+z+NSfhb8DPjH2Myh2jotDl1yP1jylp iroXUlFlEX9kqsMYy2Sf+JVlVGcajNco04r1LNUCm2IMGOXouXskR9d5i5aiBaKpEYRoXOpYTLpl6Qy3HKjaH3RC97JgTLCi756k2dPGfBk2F8cTzi/bTfg7HZZxb8BHCcyI0yMtbR+Ra6XZCwlByIu4RusbbzAYfRf9PAq7WHJMmHgGNQl6x+XcPwpuansNVfC1ZXm51fB2vrgmZlFT9EztIRC9BqtoY9oC+0iinL0FX1D32s/ar9qv2t/KnR6ahDzBI3IzM xfDtbPXw==</latexit>
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s2
<latexit sha1_base64="t89RE/GqvJ G54xUcaBgoFkAVdFA=">AAAFQnichZRPb9MwFMC9UWCUfxscuXhEkzYEU9MhwYHD NJjEBW1s3YbWdJXjvLTWHDuy3f3B8kfgCl+IL8FX4Ia4csBJunXtirCU6OX59/7 6xXHOmTaNxo+Z2Ru1m7duz92p3713/8HD+YVH+1oOFIU9KrlUn2KigTMBe4YZDp9 yBSSLORzEx2+L/YMTUJpJ0TLnOXQy0hMsZZQYr9rV3WZ3PmisNsqFrwvhUAjQcG 13F2orUSLpIANhKCdat8NGbjqWKMMoB1ePBhpyQo9JD9peFCQD3bFlrg4veU2CU6 n8IwwutVctLMm0Ps9iT2bE9PXkXqGcttcemPR1xzKRDwwIWgVKBxwbiYvCccIUU MPPvUCoYj5XTPtEEWp8e+r1pUjAKZVZRkRiIxMnrr3WsdYd2aDpbBC6rg3WnC/uK pa7dnMIhS7vFqgPjIMQv3mBW8UraI5btK5atCqLcWJ3y7XDjo2KClVm/edyEK5M Qpvj0OY0KE8SXmEGzowxRcgpyPHpCIrTSleiE2wGpi+TEavp0OE78GOg4IPPZSsH RYxUzzzOBMvYZ3D2UvJdxgmkflTxiT8LPwPeMfY1KHaGi0OXXI/HPKGmCui3kooo g/omVx4mUiT/xKso4zjVZtRGnVaoZ6kU2hBhJoai5eyRL13mLlqMFgunRhGhc6l hOumbpDLccuNofckvvJsDZYQXefWn154y4Mkovziecn47bsjZnTKK//U5TmRGmJh IaeOS3CjJWEoORFzA11jbeI7D6L/o4aXbw5JlwkAP1AXrL5dw8iq5Luw3V8O11e bHl8H6xvCamUNP0FO0jEL0Cq2j92gb7SGKeugL+oq+1b7XftZ+1X5X6OzM0OYxGl u1P38Bu3PMJQ==</latexit>
s3
<latexit sha1_base64="lIh8mKRZ40uPUwV99XRkjcY0tu4=">AAAFQnichZRb b9MwFIC9UWCU2waPvHhEkzYEU9MiwQMP02ASL2hj6za0pqsc56S15tiR7e6C5Z/AK/wh/gR/gTfEKw84SXdpV4SlRCfH37n6xHHOmTaNxo+Z2Ru1m7duz92p3713/8H D+YVHe1oOFYVdKrlUn2KigTMBu4YZDp9yBSSLOezHR2+L/f1jUJpJ0TZnOXQz0hcsZZQYr9rRvVZvPmisNsqFrwvhSAjQaG31FmorUSLpMANhKCdad8JGbrqWKMMoB1 ePhhpyQo9IHzpeFCQD3bVlrg4veU2CU6n8IwwutVctLMm0PstiT2bEDPTkXqGcttcZmvR11zKRDw0IWgVKhxwbiYvCccIUUMPPvECoYj5XTAdEEWp8e+r1pUjACZVZR kRiIxMnrtPqWusObdB0NghdzwYt54u7iuWu0xxBoct7BeoD4yDEb17gdvEKmuMW7asW7cpinNjZdJ2wa6OiQpVZ/7kchCuT0MY4tDENypOEV5iBU2NMEXIKcnRyCcVp pSvRCTYDM5DJJavpyOE78GOg4IPPZTMHRYxUzzzOBMvYZ3D2QvJdxgmkflTxsT8LPwPeMfY1KHaKi0OXXI/HPKamCui3kooog/omVx4mUiT/xKso4zjV5rKNOq1Qz1I ptCHCTAxF29lDX7rMXbQYLRZOjSJC51LDdNI3SWW47cbR+pJfeCcHyggv8hpMrz1lwJPL/OJ4yvltuxFnt8so/tfnOJEZYWIipfULcr0kYyk5EHEOX2Nt4zkOo/+iBx duD0qWCQN9UOesv1zCyavkurDXXA1bq82PL4O19dE1M4eeoKdoGYXoFVpD79EW2kUU9dEX9BV9q32v/az9qv2u0NmZkc1jNLZqf/4CwE/MJg==</latexit>
s4
<latexit sha1_base64="A7a+LI74oTkFTPX9y/veuLMCdq0=">AAAFQnichZRb b9MwFIC9UWCU2waPvHhEkzYEU9NNggcepsEkXtDG1l20pqsc56S15tiR7e6C5Z/AK/wh/gR/gTfEKw84SXdpV4SlRCfH37n6xHHOmTaNxo+p6Vu123fuztyr33/w8NH j2bkne1oOFIVdKrlUBzHRwJmAXcMMh4NcAcliDvvx8btif/8ElGZStMx5Dp2M9ARLGSXGq3Z0d7U7GzSWG+XCN4VwKARouLa6c7WlKJF0kIEwlBOt22EjNx1LlGGUg6 tHAw05ocekB20vCpKB7tgyV4cXvCbBqVT+EQaX2usWlmRan2exJzNi+np8r1BO2msPTPqmY5nIBwYErQKlA46NxEXhOGEKqOHnXiBUMZ8rpn2iCDW+PfX6QiTglMosI yKxkYkT117pWOuObNB0Nghd1wYrzhd3HctduzmEQpd3C9QHxkGI377CreIVNEctWtctWpXFKLGz6dphx0ZFhSqz/nMxCJfGoY1RaGMSlCcJrzADZ8aYIuQE5Pj0CorT SleiY2wGpi+TK1bTocP34MdAwUefy2YOihipXnicCZaxz+DspeS7jBNI/ajiE38Wfga8Y+xrUOwMF4cuuR6NeUJNFdBvJRVRBvVNrjyMpUj+iVdRRnGqzVUbdVqhnqV SaEOEGRuKlrNHvnSZu2g+mi+cGkWEzqWGyaRvkspwy42i9QW/8E4OlBFe5NWfXHvKgCdX+cXxhPPbdkPObpdR/K/PcSIzwsRYSuuX5HpJxlJyIOICvsHaxkscRv9FDy /dHpYsEwZ6oC5Yf7mE41fJTWGvuRyuLDc/rQZr68NrZgY9Q8/RIgrRa7SGPqAttIso6qEv6Cv6Vvte+1n7VftdodNTQ5unaGTV/vwFxSvMJw==</latexit>
s5
<latexit sha1_base64="px5e1LqbDwgV6jsZ+09blMkBMqQ=">AAAFQnichZRb b9MwFIC9UWCU2waPvHhEkzYEU9OB4IGHaTCJF7SxdRet6SrHOWmtOXZku7tg+SfwCn+IP8Ff4A3xygNO0l3aFWEp0cnxd64+cZxzpk2j8WNq+kbt5q3bM3fqd+/df/B wdu7RrpYDRWGHSi7Vfkw0cCZgxzDDYT9XQLKYw1589K7Y3zsGpZkULXOWQycjPcFSRonxqm3dfdWdDRrLjXLh60I4FAI0XJvdudpSlEg6yEAYyonW7bCRm44lyjDKwd WjgYac0CPSg7YXBclAd2yZq8MLXpPgVCr/CINL7VULSzKtz7LYkxkxfT2+Vygn7bUHJn3TsUzkAwOCVoHSAcdG4qJwnDAF1PAzLxCqmM8V0z5RhBrfnnp9IRJwQmWWE ZHYyMSJa690rHWHNmg6G4Sua4MV54u7iuWu3RxCocu7BeoD4yDEb1/gVvEKmqMWrasWrcpilNjecO2wY6OiQpVZ/7kYhEvj0PootD4JypOEV5iBU2NMEXICcnRyCcVp pSvRMTYD05fJJavp0OF78GOg4KPPZSMHRYxUzzzOBMvYZ3D2QvJdxgmkflTxsT8LPwPeMfY1KHaKi0OXXI/GPKamCui3kooog/omVx7GUiT/xKsoozjV5rKNOq1Qz1I ptCHCjA1Fy9lDX7rMXTQfzRdOjSJC51LDZNI3SWW45UbR+oJfeDsHyggv8upPrj1lwJPL/OJ4wvltuSFnt8oo/tfnOJEZYWIspbULcq0kYyk5EHEOX2Nt4zkOo/+iBx duD0qWCQM9UOesv1zC8avkurDbXA5XlpufXgara8NrZgY9QU/RIgrRa7SKPqBNtIMo6qEv6Cv6Vvte+1n7VftdodNTQ5vHaGTV/vwFygfMKA==</latexit>
CFreeA
<latexit sha1_base64="67u6QAcz0Z7oiNlFn3+O0aWtUkE=">AAAFTHi chZRbTxQxFIALLojrDfTRl+KEBIySncVEH3xAEOOLAWG5hJ1l0+mcYRtm2rHtcrHp7/BV/5Dv/g/fjImdmYVlhzWeZDdnzvnOtU3DLGFKNxo/JyZv1aam b8/cqd+9d//Bw9m5R3tK9CWFXSoSIQ9CoiBhHHY10wkcZBJIGiawH56s5/79U5CKCd7SFxl0UnLMWcwo0c7UCbIoSsz6ewnw1nZnvcZyoxB8U/EHiocGst Wdqy0FkaD9FLimCVGq7Tcy3TFEakYTsPWgryAj9IQcQ9upnKSgOqbo2uIFZ4lwLKT7cY0L6/UIQ1KlLtLQkSnRPVX15cZxvnZfx687hvGsr4HTslDcT7A WOF8BjpgEqpMLpxAqmesV0x6RhGq3qHp9IeBwRkWaEh6ZQIeRba90jLFHxmta4/m2a7wV64a7jmW23RxAvs26OeoKY8/Hb17gVv7nNUcjWtcjWmXEKLGz adt+xwT5hDI17nPR85eq0MYotDEOyk+5xDSca63zkmOQk7MhFMalrUArbAq6J6Ihq+gg4Ttw10DCR9fLZgaSaCGfOZxxlrIvYM2V5raMI4jdpcWn7izcHX CJsZtBsnOcH7pI1GjNU6rLgs4VlURR1C25zFBpkfwTL6uM4lTp4RpVXKKOpYIrTbiuXIqWNUdudJHZYD6Yz5NqSbjKhILxpFuSTHHLjqL1BSd4JwPKSJL 31Rs/e8wgiYb9heGY89u2A85sF1XcI5DgSKSE8UpLa1fkWkGGQiRA+CV8gzWN59gP/oseXqU9LFjGNRyDvGTd4+JXn5Kbyl5z2V9Zbn566a2uDZ6ZGfQE PUWLyEev0Cr6gLbQLqLoM/qKvqHvtR+1X7XftT8lOjkxiHmMRmRq+i++WM+E</latexit>
Stable[A]
<latexit sha1_base64="e+f7alwvAFsxS7ef0ham9DuT+Ws=">AAAFUXichZTNTxQxFMAL7ioufix69FKckIBRsrOY6MEDoiReDAiLEHaWTafTYRs67a TtLmDT/8Sr/kOe/FO82fmAZYY1vmQ3b977vc82DVNGle50fs/N32k0795buN9afPDw0eP20pOvSowlJgdYMCGPQqQIo5wcaKoZOUolQUnIyGF49iHzH06IVFTwnr5MySBBp5zGFCPtTMN2O0ijiJl9jVxE//3ADtteZ72TC7yt+KXigVJ2h0uNtSASeJwQrjFDSvX9TqoHBklNMSO2FYwVSRE+Q6ek71SOEqIGJm/d whVniWAspPtxDXPrzQiDEqUuk9CRCdIjVfdlxlm+/ljHbweG8nSsCcdFoXjMoBYw2wOMqCRYs0unICyp6xXiEZIIa7etVmsl4OQciyRBPDKBDiPb3xgYY0+M17XG8+3QeBvWDXcTS22/W0K+TYcZ6gpDz4fvXsFe9ud1qxG9mxG9IqJK7O/Yvj8wQTahTIz7XPX8tTq0XYW2Z0HZQReYJhda66zkDOTsfAqFcWHL0Rq bED0S0ZRVuEz4kbhrIMln18tOSiTSQr5wOOU0od+INdea2zKMSOxuLpy4s3B3wCWGbgZJL2B26IKpas0J1kVB54oKIi/qllxkqLWI/okXVao4Vnq6RhUXqGOx4EojrmuXomfNiRtdpDZYDpazpFoirlKhyGzSLUkmsGeraGvFCdxPCaaIZX2NZs8eU8KiaX9hOOP89mzJmb28insJGIxEgiivtbR1TW7lZCgEI4hfw bdY03kJ/eC/6PF12uOcpVyTUyKvWPe4+PWn5Lbytbvub6x3v7z2NrfKZ2YBPAPPwSrwwRuwCT6BXXAAMJiA7+AH+Nn41fjTBM35Ap2fK2Oegoo0F/8CPDnPIw==</latexit>
Grasp[A]
<latexit sha1_base64="FIE04gamXwpoPT1R6Lzt+F4PZ9E=">AAAFUHichZTNTxQxFMALLorrB6BHL8UJCRglO4uJHjwgSvRiQFiEsLNsOp 03bEOnnbRdPmz6l3jVf8ib/4k37cwsLLusscnMvHn9vc++NM4506bR+DU1fas2c/vO7N36vfsPHs7NLzz6omVfUdijkkt1EBMNnAnYM8xwOMgVkCzmsB+fvCv2909BaSZFy1zk0MnIsWApo8R4VXd+LsqThNsPiui8/bbjuvNBY7VRLnxTCAdCgAZru7tQW4kSSfsZCEM50bodNnLTsUQZRjm4e tTXkBN6Qo6h7UVBMtAdW2bu8JLXJDiVyj/C4FJ73cKSTOuLLPZkRkxPj+8Vykl77b5JX3csE3nfgKBVoLTPsZG4aANOmAJq+IUXCFXM54ppjyhCjW9Wvb4UCTijMsuISGxk4sS11zrWuiMbNJ0NQte1wZrzxV3HctduDqDQ5d0C9YFxEOI3L3CreAXNUYvWdYtWZTFK7G65dtixUVGhyqz/XQ7C lXFocxTanAQV51xhBs6NMUXICcjJ2RCK00pXomNsBqYnkyGr6cDhe/BjoOCTz2UrB0WMVM88zgTL2Fdw9kryXcYJpH5w8ak/Cz8D3jH2NSh2jotDl1yPxjylpgrot5KKKIP6JlcexlIk/8SrKKM41WbYRp1WqGepFNoQYcaGouXskS9d5i5ajBYLp0YRoXOpYTLpm6Qy3HKjaH3JL7ybA2WEF3 n1JteeMuDJML84nnB+O27A2Z0yir8IOE5kRpgYS2njitwoyVhKDkRcwjdY23iOw+i/6OGV28OSZcLAMahL1l8u4fhVclP40lwN11abn18G6xuDa2YWPUFP0TIK0Su0jj6ibbSHKOqjb+g7+lH7Wftd+zMzVaHTgy96jEbWTP0vZ6rPug==</latexit>
Stable[A]
<latexit sha1_base64="e+f7alwvAFsxS7ef0ham9DuT+Ws=">AAAFUXi chZTNTxQxFMAL7ioufix69FKckIBRsrOY6MEDoiReDAiLEHaWTafTYRs67aTtLmDT/8Sr/kOe/FO82fmAZYY1vmQ3b977vc82DVNGle50fs/N32k0795b uN9afPDw0eP20pOvSowlJgdYMCGPQqQIo5wcaKoZOUolQUnIyGF49iHzH06IVFTwnr5MySBBp5zGFCPtTMN2O0ijiJl9jVxE//3ADtteZ72TC7yt+KXigV J2h0uNtSASeJwQrjFDSvX9TqoHBklNMSO2FYwVSRE+Q6ek71SOEqIGJm/dwhVniWAspPtxDXPrzQiDEqUuk9CRCdIjVfdlxlm+/ljHbweG8nSsCcdFoXj MoBYw2wOMqCRYs0unICyp6xXiEZIIa7etVmsl4OQciyRBPDKBDiPb3xgYY0+M17XG8+3QeBvWDXcTS22/W0K+TYcZ6gpDz4fvXsFe9ud1qxG9mxG9IqJK 7O/Yvj8wQTahTIz7XPX8tTq0XYW2Z0HZQReYJhda66zkDOTsfAqFcWHL0RqbED0S0ZRVuEz4kbhrIMln18tOSiTSQr5wOOU0od+INdea2zKMSOxuLpy4s3 B3wCWGbgZJL2B26IKpas0J1kVB54oKIi/qllxkqLWI/okXVao4Vnq6RhUXqGOx4EojrmuXomfNiRtdpDZYDpazpFoirlKhyGzSLUkmsGeraGvFCdxPCaa IZX2NZs8eU8KiaX9hOOP89mzJmb28insJGIxEgiivtbR1TW7lZCgEI4hfwbdY03kJ/eC/6PF12uOcpVyTUyKvWPe4+PWn5Lbytbvub6x3v7z2NrfKZ2YB PAPPwSrwwRuwCT6BXXAAMJiA7+AH+Nn41fjTBM35Ap2fK2Oegoo0F/8CPDnPIw==</latexit>
Motion<latexit sha1_base64="gcHmwKPyYnwf11vjea8sHRLS+Bs=">AAAFT HichZRbTxQxFIALLojrDfTRl+KEBIySncVEH3wgKIkvBITlEnYW0umcYRs67dh2udj0d/iqf8h3/4dvxsTOzMKyyxqbzOT09DvXnjTOOdOm0fg5M XmnNjV9d+Ze/f6Dh48ez8492dOypyjsUsmlOoiJBs4E7BpmOBzkCkgWc9iPT98X5/tnoDSTomUuc+hk5ESwlFFivKoT5UnC7YYsNu54NmgsN8qFb wthXwhQf20dz9WWokTSXgbCUE60boeN3HQsUYZRDq4e9TTkhJ6SE2h7UZAMdMeWWTu84DUJTqXynzC41N60sCTT+jKLPZkR09WjZ4Vy3Fm7Z9K3Hc tE3jMgaBUo7XFsJC5agBOmgBp+6QVCFfO5YtolilDjG1WvL0QCzqnMMiISG5k4ce2VjrXuyAZNZ4PQHdtgxfnibmK5azf7UOjy4wL1gXEQ4nevcK v4Bc1hi9ZNi1ZlMUzsbLp22LFRUaHKrN8uBuHSKLQ+DK2Pg4pbrjADF8aYIuQY5PR8AMVppSvRETYD05XJgNW07/AD+DFQsOFz2cxBESPVC48zwTL 2BZy9lnyXcQKpH1p85u/Cz4B3jH0Nil3g4tIl18Mxz6ipAvqjpCLKoL7JlYeRFMk/8SrKME61GbRRpxXqWSqFNkSYkaFoOXvkS5e5i+aj+cKpUUT oXGoYT/omqQy33DBaX/AL7+RAGeFFXt3xtacMeDLIL47H3N+263N2u4ziHwGOE5kRJkZSWrsm10oylpIDEVfwLdY2XuIw+i96eO32sGSZMHAC6or 1j0s4+pTcFvaay+HKcvPT62B1rf/MzKBn6DlaRCF6g1bRR7SFdhFFn9FX9A19r/2o/ar9rv2p0MmJvs1TNLSmpv8C4BTP9A==</latexit> Motion<latexit sha1_base64="gcHmwKPyYnwf11vjea8sHRLS+Bs=">AAAFTHichZRbTxQxFIALLojrDfTRl+KEBIySncVEH3wgKIkvBITlEnYW0umcY Rs67dh2udj0d/iqf8h3/4dvxsTOzMKyyxqbzOT09DvXnjTOOdOm0fg5MXmnNjV9d+Ze/f6Dh48ez8492dOypyjsUsmlOoiJBs4E7BpmOBzkCkgWc9iPT98X5/tnoDSTomUuc+hk5ESwlFFivKoT5UnC7YYsNu54NmgsN8qFbwthXwhQf20dz9WWokTSXgbCUE60boeN3HQsUYZRDq4e9TTkhJ6SE2h7UZ AMdMeWWTu84DUJTqXynzC41N60sCTT+jKLPZkR09WjZ4Vy3Fm7Z9K3HctE3jMgaBUo7XFsJC5agBOmgBp+6QVCFfO5YtolilDjG1WvL0QCzqnMMiISG5k4ce2VjrXuyAZNZ4PQHdtgxfnibmK5azf7UOjy4wL1gXEQ4nevcKv4Bc1hi9ZNi1ZlMUzsbLp22LFRUaHKrN8uBuHSKLQ+DK2Pg4pbrjADF8 aYIuQY5PR8AMVppSvRETYD05XJgNW07/AD+DFQsOFz2cxBESPVC48zwTL2BZy9lnyXcQKpH1p85u/Cz4B3jH0Nil3g4tIl18Mxz6ipAvqjpCLKoL7JlYeRFMk/8SrKME61GbRRpxXqWSqFNkSYkaFoOXvkS5e5i+aj+cKpUUToXGoYT/omqQy33DBaX/AL7+RAGeFFXt3xtacMeDLIL47H3N+263N2u4z iHwGOE5kRJkZSWrsm10oylpIDEVfwLdY2XuIw+i96eO32sGSZMHAC6or1j0s4+pTcFvaay+HKcvPT62B1rf/MzKBn6DlaRCF6g1bRR7SFdhFFn9FX9A19r/2o/ar9rv2p0MmJvs1TNLSmpv8C4BTP9A==</latexit>
Kin[A]
<latexit sha1_base64="p6cuJ5FQt1r2DyPyNUF9b67ZRaY=">AAAFTHichZRbTxQxFIALLojrBdBHX4oTEjBKdhYTffABURITY0BYLmFm2HQ6H bah045tl4tNf4ev+od893/4ZkzsXGDZZY0n2c2Zc75zbdM4Z1TpVuvnxOStxtT07Zk7zbv37j+YnZt/uKdEX2KyiwUT8iBGijDKya6mmpGDXBKUxYzsxydvC//+KZGKCt7RFzmJMnTMaUox0s4UhXmSMPOB8uBNZLtzXmulVQq8qfi14oFatrrzjeUwEbifEa4xQ0oFfivXkUFSU8yIbYZ9RXKET9AxCZ zKUUZUZMquLVx0lgSmQrof17C0Xo8wKFPqIosdmSHdU6O+wjjOF/R1+ioylOd9TTiuCqV9BrWAxQpgQiXBml04BWFJXa8Q95BEWLtFNZuLISdnWGQZ4okJdZzYYDUyxh4Zr22N59uu8VatG+46ltugXUO+zbsF6gpDz4evn8NO8ee1hyM61yM6VcQwsbNpAz8yYTGhzIz7XPL85VFoYxjaGAcVp1xhmp xrrYuSY5CTswEUp5WtREfYjOieSAaswnXCd8RdA0k+ul42cyKRFvKpwymnGf1CrLnS3JZhQlJ3aeGpOwt3B1xi6GaQ9BwWhy6YGq55inVV0LmSiiiLuiVXGUZaRP/EqyrDOFZ6sEaVVqhjseBKI65HLkXHmiM3ushtuBAuFEm1RFzlQpHxpFuSzGDHDqPNRSdwJyeYIlb01Rs/e0oJSwb9xfGY89u2NWe 2yyruEWAwERmifKSl9StyvSRjIRhB/BK+wZrWM+iH/0UPr9IelizlmhwTecm6x8UffUpuKnvtFX91pf3phbe2Xj8zM+AxeAKWgA9egjXwHmyBXYDBZ/AVfAPfGz8avxq/G38qdHKijnkEhmRq+i8k+M+Z</latexit>
CFreeW
<latexit sha1_base64="va0Jr860pJHJcAZgd6ZGzVYSv6U=">AAAFTHi chZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqqWIC2pp04eaTSOvd7ax6rUX2+kDy7+DK/wh7vwPbggJ7276SBrESIlmZ7552nKcc6ZNo/FzYvJWber2 nem79Xv3Hzx8NDP7eFfLvqKwQyWXaj8mGjgTsGOY4bCfKyBZzGEvPl4r/HsnoDSTomXOc+hk5EiwlFFivKkT5UnC7dp7BbDnujNBY6lRCr6phAMlQAPZ7M 7WFqNE0n4GwlBOtG6Hjdx0LFGGUQ6uHvU15IQekyNoe1WQDHTHll07PO8tCU6l8j9hcGm9HmFJpvV5FnsyI6anR32FcZyv3Tfpm45lIu8bELQqlPY5NhI XK8AJU0ANP/cKoYr5XjHtEUWo8Yuq1+cjAadUZhkRiY1MnLj2csdad2iDprNB6Lo2WHZ+uOtY7trNARS6vFugvjAOQvz2JW4Vf0FzOKJ1PaJVRQwT2xuu HXZsVEyoMus/F4JwcRRaH4bWx0HFKVeYgTNjTFFyDHJ8egXFaWUr0RE2A9OTyRWr6SDhO/DXQMFH38tGDooYqZ57nAmWsS/g7KXmt4wTSP2lxSf+LPwd8I mxn0GxM1wcuuR6uOYJNVVB70oqoizql1xlGGmR/BOvqgzjVJurNeq0Qj1LpdCGCDNyKVrOHvrRZe6iuWiuSGoUETqXGsaTfkkqwy03jNbnveDtHCgjvOi rN372lAFPrvqL4zHnt+UGnN0qq/hHgONEZoSJkZZWL8nVkoyl5EDEBXyDtY0XOIz+ix5cpj0oWSYMHIG6YP3jEo4+JTeV3eZSuLzU/PQqWFkdPDPT6Cl6 hhZQiF6jFfQBbaIdRNFn9BV9Q99rP2q/ar9rfyp0cmIQ8wQNydTtvyllz5o=</latexit>
CFreeW
<latexit sha1_base64="va0Jr860pJHJcAZgd6ZGzVYSv6U=">AAAFTHichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqqWIC2pp04eaTSOvd7ax6r UX2+kDy7+DK/wh7vwPbggJ7276SBrESIlmZ7552nKcc6ZNo/FzYvJWber2nem79Xv3Hzx8NDP7eFfLvqKwQyWXaj8mGjgTsGOY4bCfKyBZzGEvPl4r/HsnoDSTomXOc+hk5EiwlFFivKkT5UnC7dp7BbDnujNBY6lRCr6phAMlQAPZ7M7WFqNE0n4GwlBOtG6Hjdx0LFGGUQ6uHvU15IQekyNoe1WQDHTHll07PO8t CU6l8j9hcGm9HmFJpvV5FnsyI6anR32FcZyv3Tfpm45lIu8bELQqlPY5NhIXK8AJU0ANP/cKoYr5XjHtEUWo8Yuq1+cjAadUZhkRiY1MnLj2csdad2iDprNB6Lo2WHZ+uOtY7trNARS6vFugvjAOQvz2JW4Vf0FzOKJ1PaJVRQwT2xuuHXZsVEyoMus/F4JwcRRaH4bWx0HFKVeYgTNjTFFyDHJ8egXFaWUr0RE2A9O TyRWr6SDhO/DXQMFH38tGDooYqZ57nAmWsS/g7KXmt4wTSP2lxSf+LPwd8Imxn0GxM1wcuuR6uOYJNVVB70oqoizql1xlGGmR/BOvqgzjVJurNeq0Qj1LpdCGCDNyKVrOHvrRZe6iuWiuSGoUETqXGsaTfkkqwy03jNbnveDtHCgjvOirN372lAFPrvqL4zHnt+UGnN0qq/hHgONEZoSJkZZWL8nVkoyl5EDEBXyDt Y0XOIz+ix5cpj0oWSYMHIG6YP3jEo4+JTeV3eZSuLzU/PQqWFkdPDPT6Cl6hhZQiF6jFfQBbaIdRNFn9BV9Q99rP2q/ar9rfyp0cmIQ8wQNydTtvyllz5o=</latexit>
CFreeW[A]
<latexit sha1_base64="U5tLjOM/LVHbLWNM1jdvDBMy3Oo=">AAAFUXichZRPTxNBFMAHbBWLStGjl8ENCRgl3WKiBw8IYrwYEMqf0C3N7OxbOmF3Zj MzLeBkvolX/UKe/CjenN0tlJYaX9Lm7Xu/93cmE2YJU7rR+D0ze69Svf9g7mFt/tHjJwv1xaeHSvQlhQMqEiGPQ6IgYRwONNMJHGcSSBomcBSeb+X+owFIxQRv6asMOik54yxmlGhn6tbrQRZFidn6JAGO2h86tlv3GmuNQvBdxR8qHhrKbnexshpEgvZT4JomRKm238h0xxCpGU3A1oK+gozQc3IGbadykoLqmKJ1 i5edJcKxkO7HNS6styMMSZW6SkNHpkT31KQvN07ztfs6ftcxjGd9DZyWheJ+grXA+R5wxCRQnVw5hVDJXK+Y9ogkVLtt1WrLAYcLKtKU8MgEOoxse71jjD01XtMaz7dd461bN9xtLLPt5hDybdbNUVcYez5+/xq38j+vOR7Ruh3RKiPGif0d2/Y7JsgnlKlxnyuevzoJbY9D29Og/KBLTMOl1jovOQU5vxhBYVzaCnS CTUH3RDRiFR0m/AjuGkj44nrZyUASLeRLhzPOUvYNrLnR3JZxBLG7uXjgzsLdAZcYuxkku8T5oYtEjdccUF0WdK6oJIqibsllhokWyT/xsso4TpUerVHFJepYKrjShOuJS9Gy5tSNLjIbLAVLeVItCVeZUDCddEuSKW7ZcbS27ATvZ0AZSfK+etNnjxkk0ai/MJxyfnt2yJm9oop7CRIciZQwPtHS5g25WZChEAkQf g3fYU3jFfaD/6InN2lPCpZxDWcgr1n3uPiTT8ld5bC55q+vNb++8TY2h8/MHHqOXqAV5KO3aAN9RrvoAFE0QN/RD/Sz8qvyp4qqsyU6OzOMeYbGpDr/Fwg0zuQ=</latexit>
Grasp[A]
<latexit sha1_base64="FIE04gamXwpoPT1R6Lzt+F4PZ9E=">AAA FUHichZTNTxQxFMALLorrB6BHL8UJCRglO4uJHjwgSvRiQFiEsLNsOp03bEOnnbRdPmz6l3jVf8ib/4k37cwsLLusscnMvHn9vc++NM4506bR+ DU1fas2c/vO7N36vfsPHs7NLzz6omVfUdijkkt1EBMNnAnYM8xwOMgVkCzmsB+fvCv2909BaSZFy1zk0MnIsWApo8R4VXd+LsqThNsPiui8/b bjuvNBY7VRLnxTCAdCgAZru7tQW4kSSfsZCEM50bodNnLTsUQZRjm4etTXkBN6Qo6h7UVBMtAdW2bu8JLXJDiVyj/C4FJ73cKSTOuLLPZkRkx Pj+8Vykl77b5JX3csE3nfgKBVoLTPsZG4aANOmAJq+IUXCFXM54ppjyhCjW9Wvb4UCTijMsuISGxk4sS11zrWuiMbNJ0NQte1wZrzxV3HctduD qDQ5d0C9YFxEOI3L3CreAXNUYvWdYtWZTFK7G65dtixUVGhyqz/XQ7ClXFocxTanAQV51xhBs6NMUXICcjJ2RCK00pXomNsBqYnkyGr6cDhe/ BjoOCTz2UrB0WMVM88zgTL2Fdw9kryXcYJpH5w8ak/Cz8D3jH2NSh2jotDl1yPxjylpgrot5KKKIP6JlcexlIk/8SrKKM41WbYRp1WqGepFNoQ YcaGouXskS9d5i5ajBYLp0YRoXOpYTLpm6Qy3HKjaH3JL7ybA2WEF3n1JteeMuDJML84nnB+O27A2Z0yir8IOE5kRpgYS2njitwoyVhKDkRcw jdY23iOw+i/6OGV28OSZcLAMahL1l8u4fhVclP40lwN11abn18G6xuDa2YWPUFP0TIK0Su0jj6ibbSHKOqjb+g7+lH7Wftd+zMzVaHTgy96jE bWTP0vZ6rPug==</latexit>
p4
<latexit sha1_base64="dTzKqCHiGYuFxek2XWuhQNg1Xqc=">AAAFQnichZRb b9MwFIC9UWCU2waPvHhEkzYEU9NNggcepsEkXtDG1l20pqsc56S15tiR7e6C5Z/AK/wh/gR/gTfEKw84SXdpV4SlRCfH37n6xHHOmTaNxo+p6Vu123fuztyr33/w8NH j2bkne1oOFIVdKrlUBzHRwJmAXcMMh4NcAcliDvvx8btif/8ElGZStMx5Dp2M9ARLGSXGq3by7mp3NmgsN8qFbwrhUAjQcG1152pLUSLpIANhKCdat8NGbjqWKMMoB1 ePBhpyQo9JD9peFCQD3bFlrg4veE2CU6n8IwwutdctLMm0Ps9iT2bE9PX4XqGctNcemPRNxzKRDwwIWgVKBxwbiYvCccIUUMPPvUCoYj5XTPtEEWp8e+r1hUjAKZVZR kRiIxMnrr3SsdYd2aDpbBC6rg1WnC/uOpa7dnMIhS7vFqgPjIMQv32FW8UraI5atK5btCqLUWJn07XDjo2KClVm/ediEC6NQxuj0MYkKE8SXmEGzowxRcgJyPHpFRSn la5Ex9gMTF8mV6ymQ4fvwY+Bgo8+l80cFDFSvfA4Eyxjn8HZS8l3GSeQ+lHFJ/4s/Ax4x9jXoNgZLg5dcj0a84SaKqDfSiqiDOqbXHkYS5H8E6+ijOJUm6s26rRCPUu l0IYIMzYULWePfOkyd9F8NF84NYoInUsNk0nfJJXhlhtF6wt+4Z0cKCO8yKs/ufaUAU+u8ovjCee37Yac3S6j+F+f40RmhImxlNYvyfWSjKXkQMQFfIO1jZc4jP6LHl 66PSxZJgz0QF2w/nIJx6+Sm8JeczlcWW5+Wg3W1ofXzAx6hp6jRRSi12gNfUBbaBdR1ENf0Ff0rfa99rP2q/a7QqenhjZP0ciq/fkLtpHMJA==</latexit>
q1
<latexit sha1_base64="ekXb2PVLU2 YtuAtArO3U+W7xl2g=">AAAFQnichZRbb9MwFIC9UWCU2waPvHhEkzYEU9MhwQMP 02ASL2hj6y5a01WOc9Jac+xgu7tg+SfwCn+IP8Ff4A3xygNO0l3aFWEp0cnxd64 +cZxzpk2j8WNq+kbt5q3bM3fqd+/df/Bwdu7RrpYDRWGHSi7Vfkw0cCZgxzDDYT9 XQLKYw1589LbY3zsGpZkULXOWQycjPcFSRonxqu1P3bA7GzSWG+XC14VwKARouD a7c7WlKJF0kIEwlBOt22EjNx1LlGGUg6tHAw05oUekB20vCpKB7tgyV4cXvCbBqV T+EQaX2qsWlmRan2WxJzNi+np8r1BO2msPTPq6Y5nIBwYErQKlA46NxEXhOGEKq OFnXiBUMZ8rpn2iCDW+PfX6QiTghMosIyKxkYkT117pWOsObdB0Nghd1wYrzhd3F ctduzmEQpd3C9QHxkGI37zAreIVNEctWlctWpXFKLG94dphx0ZFhSqz/nMxCJfG ofVRaH0SlCcJrzADp8aYIuQE5OjkEorTSleiY2wGpi+TS1bTocN34MdAwQefy0YO ihipnnmcCZaxz+DsheS7jBNI/ajiY38Wfga8Y+xrUOwUF4cuuR6NeUxNFdBvJRVR BvVNrjyMpUj+iVdRRnGqzWUbdVqhnqVSaEOEGRuKlrOHvnSZu2g+mi+cGkWEzqW GyaRvkspwy42i9QW/8HYOlBFe5NWfXHvKgCeX+cXxhPPbckPObpVR/K/PcSIzwsR YSmsX5FpJxlJyIOIcvsbaxnMcRv9FDy7cHpQsEwZ6oM5Zf7mE41fJdWG3uRyuLD c/vgxW14bXzAx6gp6iRRSiV2gVvUebaAdR1ENf0Ff0rfa99rP2q/a7QqenhjaP0c iq/fkLrNvMIg==</latexit>
q3
<latexit sha1_base64="AtCU+gnZKw+eOOxZZVIMCA3lZ/E=">AAAFQnichZTL btQwFEDdMkAZXi0s2bhElVoE1WQGCRYsqkIlNqilnT7UyXTkOM6MVccOtqcPLH8CW/ghfoJfYIfYssB5tNOkg7CU6Ob63KdvHKaMKt1q/ZiZvdG4eev23J3m3Xv3Hzy cX3i0p8RYYrKLBRPyIESKMMrJrqaakYNUEpSEjOyHx2+z/f0TIhUVvKvPU9JP0JDTmGKknWrn06AzmPdaq618weuCXwoeKNfWYKGxEkQCjxPCNWZIqZ7fSnXfIKkpZs Q2g7EiKcLHaEh6TuQoIapv8lwtXHKaCMZCuodrmGuvWhiUKHWehI5MkB6p+l6mnLbXG+v4dd9Qno414bgIFI8Z1AJmhcOISoI1O3cCwpK6XCEeIYmwdu1pNpcCTk6xS BLEIxPoMLK9Tt8Ye2S8tjWebwfG61hX3FUstb12Cfk2HWSoCww9H755AbvZy2tXLbpXLbqFRZXY2bQ9v2+CrEKZGPe57PkrdWijCm1Mg9IoYgWmyZnWOgs5BTk+nUBh XOhytMYmRI9ENGEVLh2+I24MJPngctlMiURayGcOp5wm9DOx5lJyXYYRid2owhN3Fm4GnGPoapD0DGaHLpiqxjzBugjotqKCyIO6Jhceaimif+JFlCqOlZ60UcUF6lg suNKI69pQdK05cqWL1AaLwWLmVEvEVSoUmU66JskEdm0VbS65BXdSgiliWV6j6bXHlLBokl8YTjm/bVtyZjuP4n59BiORIMprKa1fkus5GQrBCOIX8DXWtJ5DP/gven jp9jBnKddkSOQF6y4Xv36VXBf22qt+Z7X98aW3tl5eM3PgCXgKloEPXoE18B5sgV2AwRB8AV/Bt8b3xs/Gr8bvAp2dKW0eg8pq/PkLtpPMJA==</latexit>
q0
<latexit sha1_base64="u5e1K//qhnmJV5W K57gRjyFoDaU=">AAAFS3ichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlCJC2pp04eaT SOv19tY9dqL7fSB5b/BFf4QP4DfwQ1xYHY3bZo0iJESzc588/B45DgX3NhG4+fU9K3azO07s3 fr9+4/ePhobv7xnlF9TdkuVULpg5gYJrhku5ZbwQ5yzUgWC7Yfn7wr/PunTBuuZMte5KyTkWP JU06JBVMUZcT24tR97jZ8dy5orDRKwTeVcKAEaCBb3fnacpQo2s+YtFQQY9phI7cdR7TlVDB fj/qG5YSekGPWBlWSjJmOK5v2eBEsCU6Vhp+0uLRej3AkM+Yii4EsmjTjvsI4ydfu2/RNx3GZ 9y2TtCqU9gW2ChcTwAnXjFpxAQqhmkOvmPaIJtTCnOr1xUiyM6qyjMjERTZOfHu145w/ckHT uyD0XResejjcdSz37eYACn3eLVAojIMQv32JW8Vf0ByNaF2PaFURo8TOpm+HHVdekc4cfC4F4 fI4tDEKbUyC8iQRFWbZubW2KDkBOTkbQrATpa1Ex9iM2Z5Khqyhg4TvGayBZh+hl82caWKVfg 44lzzjX5h3VxpMGScshZ3Fp3AXsAOQGMMZND/HxaUrYUZrnlJbFQRXUhFlURhylWGsRfJPvK oyilNjh2M0aYUCS5U0lkg7thQt747g6Cr30UK0UCS1mkiTK8MmkzAkneGWH0XriyB4J2eUE1H 01Zt89pQzkQz7i+MJ97ftB5zbLqvAGyBwojLC5VhL61fkeknGSglG5CV8g3WNFziM/oseXqU 9LFkuLTtm+pKFxyUcf0puKnvNlXB1pfnpVbC2PnhmZtFT9AwtoRC9RmvoA9pCu4iiHH1F39D3 2o/ar9rv2p8KnZ4axDxBIzIz8xeCKs9C</latexit>
p0
<latexit sha1_base64="OYreT6A0OBPrSba +GM3RUtA5HkI=">AAAFS3ichZRLbxMxEIDdkkIJj7Zw5OKyqtQiqLIpEhw4VIVKXFBLmz7Ub Bp5vd7Gqte2bKcPLP8NrvCH+AH8Dm6IA95Hm24axEiJZme+eXg8ciwZ1abV+jk1facxc/fe7P 3mg4ePHs/NLzzZ12KoMNnDggl1GCNNGOVkz1DDyKFUBGUxIwfx6fvcf3BGlKaCd8ylJL0MnXC aUoyMN0VRhswgTq3st1x/PmittgqBt5WwUgJQyXZ/obESJQIPM8INZkjrbtiSpmeRMhQz4pr RUBOJ8Ck6IV2vcpQR3bNF0w4ueUsCU6H8jxtYWG9GWJRpfZnFnsyb1OO+3DjJ1x2a9G3PUi6H hnBcFkqHDBoB8wnAhCqCDbv0CsKK+l4hHiCFsPFzajaXIk7OscgyxBMbmThx3bWete7YBm1n g9D1bbDm/OFuYtJ12xUUOtnPUV8YBiF89wp28r+gXY/o3IzolBF1YnfLdcOeLa5IZdZ/Lgfhy ji0WYc2J0EySViJGXJhjMlLTkBOz0eQ34nCVqBjbEbMQCQjVuMq4Qfi10CRT76XLUkUMkK98D jlNKNfiLPXmp8yTEjqdxae+bvwO+ATQ38GRS9gfumC6XrNM2zKgt6VlERR1A+5zDDWIvonXl ap41ib0Rh1WqKexYJrg7gZW4qOs8f+6EK6aDFazJMahbiWQpPJpB+SymDH1dHmkhe4KwmmiOV 9DSafPaWEJaP+4njC/e24irM7RRX/BjCYiAxRPtbSxjW5UZCxEIwgfgXfYm3rJQyj/6JH12m PCpZyQ06IumL94xKOPyW3lf32ari22v78OljfqJ6ZWfAMPAfLIARvwDr4CLbBHsBAgq/gG/je +NH41fjd+FOi01NVzFNQk5mZv31Lz0E=</latexit>
p0
<latexit sha1_base64="OYreT6A0OBPrSba +GM3RUtA5HkI=">AAAFS3ichZRLbxMxEIDdkkIJj7Zw5OKyqtQiqLIpEhw4VIVKXFBLmz7Ub Bp5vd7Gqte2bKcPLP8NrvCH+AH8Dm6IA95Hm24axEiJZme+eXg8ciwZ1abV+jk1facxc/fe7P 3mg4ePHs/NLzzZ12KoMNnDggl1GCNNGOVkz1DDyKFUBGUxIwfx6fvcf3BGlKaCd8ylJL0MnXC aUoyMN0VRhswgTq3st1x/PmittgqBt5WwUgJQyXZ/obESJQIPM8INZkjrbtiSpmeRMhQz4pr RUBOJ8Ck6IV2vcpQR3bNF0w4ueUsCU6H8jxtYWG9GWJRpfZnFnsyb1OO+3DjJ1x2a9G3PUi6H hnBcFkqHDBoB8wnAhCqCDbv0CsKK+l4hHiCFsPFzajaXIk7OscgyxBMbmThx3bWete7YBm1n g9D1bbDm/OFuYtJ12xUUOtnPUV8YBiF89wp28r+gXY/o3IzolBF1YnfLdcOeLa5IZdZ/Lgfhy ji0WYc2J0EySViJGXJhjMlLTkBOz0eQ34nCVqBjbEbMQCQjVuMq4Qfi10CRT76XLUkUMkK98D jlNKNfiLPXmp8yTEjqdxae+bvwO+ATQ38GRS9gfumC6XrNM2zKgt6VlERR1A+5zDDWIvonXl ap41ib0Rh1WqKexYJrg7gZW4qOs8f+6EK6aDFazJMahbiWQpPJpB+SymDH1dHmkhe4KwmmiOV 9DSafPaWEJaP+4njC/e24irM7RRX/BjCYiAxRPtbSxjW5UZCxEIwgfgXfYm3rJQyj/6JH12m PCpZyQ06IumL94xKOPyW3lf32ari22v78OljfqJ6ZWfAMPAfLIARvwDr4CLbBHsBAgq/gG/je +NH41fjd+FOi01NVzFNQk5mZv31Lz0E=</latexit>
⌧1
<latexit sha1_base64="A3nDXnZ06Q zD6mEAzBPg/uTD3N0=">AAAFRXichZRbb9MwFIC9UWCU2waPvHhEkzYEU9MhwQMP 02ASL2hj6y5a01WOc7KaOXZku7tg+T/wCn+I38CP4A3xCk7SrWtXhKVEJ8ffufr Ecc6ZNo3Gj6npG7Wbt27P3KnfvXf/wcPZuUe7WvYVhR0quVT7MdHAmYAdwwyH/Vw ByWIOe/Hx22J/7wSUZlK0zHkOnYwcCZYySoxX7UaG9LthdzZoLDfKha8L4UAI0G BtdudqS1EiaT8DYSgnWrfDRm46lijDKAdXj/oackKPyRG0vShIBrpjy3QdXvCaBK dS+UcYXGqvWliSaX2exZ7MiOnp8b1COWmv3Tfp645lIu8bELQKlPY5NhIXteOEK aCGn3uBUMV8rpj2iCLU+A7V6wuRgFMqs4yIxEYmTlx7pWOtO7RB09kgdF0brDhf3 FUsd+3mAApd3i1QHxgHIX7zAreKV9ActWhdtWhVFqPE9oZrhx0bFRWqzPrPxSBc GofWR6H1SVCeJLzCDJwZY4qQE5Dj0yEUp5WuRMfYDExPJkNW04HDd+DHQMEHn8tG DooYqZ55nAmWsc/g7KXku4wTSP204hN/Fn4GvGPsa1DsDBeHLrkejXlCTRXQbyUV UQb1Ta48jKVI/olXUUZxqs2wjTqtUM9SKbQhwowNRcvZQ1+6zF00H80XTo0iQud Sw2TSN0lluOVG0fqCX3g7B8oIL/LqTa49ZcCTYX5xPOH8ttyAs1tlFP/3c5zIjDA xltLaJblWkrGUHIi4gK+xtvEch9F/0YNLtwcly4SBI1AXrL9cwvGr5Lqw21wOV5 abH18Gq2uDa2YGPUFP0SIK0Su0it6jTbSDKPqEvqCv6Fvte+1n7Vftd4VOTw1sHq ORVfvzFwhdzXU=</latexit>
⌧3
<latexit sha1_base64="us38AcNzwQ1echvu4uP6Vlsprdg=">AAAFRXichZRb b9MwFIC9UWCU2waPvHhEkzYEU9MiwQMP02ASL2hj6y5a01WO46xmjh3Zp7tg+T/wCn+I38CP4A3xCk7SXdoVYSnRyfF3rj5xnAtuoNH4MTV9o3bz1u2ZO/W79+4/eDg 792jHqIGmbJsqofReTAwTXLJt4CDYXq4ZyWLBduOjt8X+7jHThivZhrOcdTNyKHnKKQGv2omADHqt3mzQWG6UC18XwqEQoOHa6M3VlqJE0UHGJFBBjOmEjRy6lmjgVD BXjwaG5YQekUPW8aIkGTNdW6br8ILXJDhV2j8ScKm9amFJZsxZFnsyI9A343uFctJeZwDp667lMh8Ak7QKlA4EBoWL2nHCNaMgzrxAqOY+V0z7RBMKvkP1+kIk2QlVW UZkYiOIE9dpda11BzZoOhuErmeDlvPFXcVy12kOodDlvQL1gXEQ4jcvcLt4Bc1Ri/ZVi3ZlMUpsrbtO2LVRUaHOrP9cDMKlcWhtFFqbBOVJIioM2CkAFCEnIEcnl1Cc VroSHWMzBn2VXLKGDh2+Y34MNPvgc1nPmSag9DOPc8kz/pk5eyH5LuOEpX5a8bE/Cz8D3jH2NWh+iotDV8KMxjymUAX0W0lFlEF9kysPYymSf+JVlFGcGrhso0kr1LN USQNEwthQtJ098KWr3EXz0XzhFDSRJleGTSZ9k3SG224UrS/4hbdyRjkRRV79ybWnnInkMr84nnB+m27I2c0yiv/7BU5URrgcS2n1glwtyVgpwYg8h6+xtvEch9F/0f 0Lt/slyyWwQ6bPWX+5hONXyXVhp7kctpabH18GK6vDa2YGPUFP0SIK0Su0gt6jDbSNKPqEvqCv6Fvte+1n7Vftd4VOTw1tHqORVfvzFxIVzXc=</latexit>
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Figure 8: The plan skeleton from Equation (1). Grey values are constants. Thick black
lines display equality constraints that persist over time.
3.2. Hybrid constraint satisfaction
Finding an assignment of values to the parameters of a plan skeleton that satisfy the as-
sociated constraints is a hybrid constraint satisfaction problem (h-csp). Although many
parameters are inherently continuous, some may have discrete domains. For example, there
might be a finite set of stable resting surfaces for a particular object. Figure 9 compresses
the plan skeleton in Figure 8 into a constraint network, a bipartite graph from parameters to
constraints, by removing redundant constraints, constants, and parameters (54). Although
tamp is decidable via computational-geometry algorithms, just as in motion planning, most
practical approaches use optimization or sampling to solve the underlying h-csps. Another
dimension of variability in solution approaches is whether the method attempts to satisfy
the entire constraint set at once or not: methods vary dramatically in their high-level control
structure for handling the search over skeletons and parameter values, and make different
demands on constraint satisfaction methods.
3.2.1. Joint Satisfaction. The most straightforward strategy for approaching an h-csp is to
reduce it to a constrained mathematical program and solve for values for all the free param-
eters at once. Although there is a vast literature on mathematical programming, solving
programs corresponding to tamp h-csps is often very difficult due to high dimensionality
in continuous parameter space, the inclusion of discrete parameters, and the non-convexity
of the constraints. There is no efficient, general solution method for these mathematical
programs. There are, nonetheless, some approaches of practical value.
When all decision variables are real-valued, a common solution strategy is to minimize
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Motion<latexit sha1_base64="gcHmwKPyYnwf11vjea8sHRLS+Bs=">A AAFTHichZRbTxQxFIALLojrDfTRl+KEBIySncVEH3wgKIkvBITlEnYW0umcYRs67dh2udj0d/iqf8h3/4dvxsTOzMKyyxqbzOT09DvXn jTOOdOm0fg5MXmnNjV9d+Ze/f6Dh48ez8492dOypyjsUsmlOoiJBs4E7BpmOBzkCkgWc9iPT98X5/tnoDSTomUuc+hk5ESwlFFivKoT5U nC7YYsNu54NmgsN8qFbwthXwhQf20dz9WWokTSXgbCUE60boeN3HQsUYZRDq4e9TTkhJ6SE2h7UZAMdMeWWTu84DUJTqXynzC41N60sC TT+jKLPZkR09WjZ4Vy3Fm7Z9K3HctE3jMgaBUo7XFsJC5agBOmgBp+6QVCFfO5YtolilDjG1WvL0QCzqnMMiISG5k4ce2VjrXuyAZNZ4 PQHdtgxfnibmK5azf7UOjy4wL1gXEQ4nevcKv4Bc1hi9ZNi1ZlMUzsbLp22LFRUaHKrN8uBuHSKLQ+DK2Pg4pbrjADF8aYIuQY5PR8AMV ppSvRETYD05XJgNW07/AD+DFQsOFz2cxBESPVC48zwTL2BZy9lnyXcQKpH1p85u/Cz4B3jH0Nil3g4tIl18Mxz6ipAvqjpCLKoL7JlYe RFMk/8SrKME61GbRRpxXqWSqFNkSYkaFoOXvkS5e5i+aj+cKpUUToXGoYT/omqQy33DBaX/AL7+RAGeFFXt3xtacMeDLIL47H3N+263N2 u4ziHwGOE5kRJkZSWrsm10oylpIDEVfwLdY2XuIw+i96eO32sGSZMHAC6or1j0s4+pTcFvaay+HKcvPT62B1rf/MzKBn6DlaRCF6g1bR R7SFdhFFn9FX9A19r/2o/ar9rv2p0MmJvs1TNLSmpv8C4BTP9A==</latexit> Motion<latexit sha1_base64="gcHmwKPyYnwf11vjea8sHRLS+Bs=">AAAFTHichZRbTxQxFIALLojrDfTRl+KEBIySncVEH3wgKIkvBITlE nYW0umcYRs67dh2udj0d/iqf8h3/4dvxsTOzMKyyxqbzOT09DvXnjTOOdOm0fg5MXmnNjV9d+Ze/f6Dh48ez8492dOypyjsUsmlOoiJBs4E7BpmOBzkCkgWc9iPT98X5/tnoDSTomUuc+hk5ESwlFFivKoT5UnC7YYsNu54NmgsN8qFbwthXwhQf20dz9WWokTSXgbCUE60boeN3H QsUYZRDq4e9TTkhJ6SE2h7UZAMdMeWWTu84DUJTqXynzC41N60sCTT+jKLPZkR09WjZ4Vy3Fm7Z9K3HctE3jMgaBUo7XFsJC5agBOmgBp+6QVCFfO5YtolilDjG1WvL0QCzqnMMiISG5k4ce2VjrXuyAZNZ4PQHdtgxfnibmK5azf7UOjy4wL1gXEQ4nevcKv4Bc1hi9ZNi1ZlMUz sbLp22LFRUaHKrN8uBuHSKLQ+DK2Pg4pbrjADF8aYIuQY5PR8AMVppSvRETYD05XJgNW07/AD+DFQsOFz2cxBESPVC48zwTL2BZy9lnyXcQKpH1p85u/Cz4B3jH0Nil3g4tIl18Mxz6ipAvqjpCLKoL7JlYeRFMk/8SrKME61GbRRpxXqWSqFNkSYkaFoOXvkS5e5i+aj+cKpUUT oXGoYT/omqQy33DBaX/AL7+RAGeFFXt3xtacMeDLIL47H3N+263N2u4ziHwGOE5kRJkZSWrsm10oylpIDEVfwLdY2XuIw+i96eO32sGSZMHAC6or1j0s4+pTcFvaay+HKcvPT62B1rf/MzKBn6DlaRCF6g1bRR7SFdhFFn9FX9A19r/2o/ar9rv2p0MmJvs1TNLSmpv8C4BTP9A== </latexit> Kin[A]
<latexit sha1_base64="p6cuJ5FQt1r2DyPyNUF9b67ZRaY=">AAAFTHichZRbTxQxFIALLojrBdBHX4oTEjBKdhYTffABURITY0BYL mFm2HQ6Hbah045tl4tNf4ev+od893/4ZkzsXGDZZY0n2c2Zc75zbdM4Z1TpVuvnxOStxtT07Zk7zbv37j+YnZt/uKdEX2KyiwUT8iBGijDKya6mmpGDXBKUxYzsxydvC//+KZGKCt7RFzmJMnTMaUox0s4UhXmSMPOB8uBNZLtzXmulVQq8qfi14oFatrrzjeUwEbifEa4xQ0oFfi vXkUFSU8yIbYZ9RXKET9AxCZzKUUZUZMquLVx0lgSmQrof17C0Xo8wKFPqIosdmSHdU6O+wjjOF/R1+ioylOd9TTiuCqV9BrWAxQpgQiXBml04BWFJXa8Q95BEWLtFNZuLISdnWGQZ4okJdZzYYDUyxh4Zr22N59uu8VatG+46ltugXUO+zbsF6gpDz4evn8NO8ee1hyM61yM6VcQ wsbNpAz8yYTGhzIz7XPL85VFoYxjaGAcVp1xhmpxrrYuSY5CTswEUp5WtREfYjOieSAaswnXCd8RdA0k+ul42cyKRFvKpwymnGf1CrLnS3JZhQlJ3aeGpOwt3B1xi6GaQ9BwWhy6YGq55inVV0LmSiiiLuiVXGUZaRP/EqyrDOFZ6sEaVVqhjseBKI65HLkXHmiM3ushtuBAuFEm 1RFzlQpHxpFuSzGDHDqPNRSdwJyeYIlb01Rs/e0oJSwb9xfGY89u2NWe2yyruEWAwERmifKSl9StyvSRjIRhB/BK+wZrWM+iH/0UPr9IelizlmhwTecm6x8UffUpuKnvtFX91pf3phbe2Xj8zM+AxeAKWgA9egjXwHmyBXYDBZ/AVfAPfGz8avxq/G38qdHKijnkEhmRq+i8k+M+Z </latexit>
CFreeW
<latexit sha1_base64="va0Jr860pJHJcAZgd6ZGzVYSv6U=">AAA FTHichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqqWIC2pp04eaTSOvd7ax6rUX2+kDy7+DK/wh7vwPbggJ7276SBrESIlmZ7552nKcc6ZN o/FzYvJWber2nem79Xv3Hzx8NDP7eFfLvqKwQyWXaj8mGjgTsGOY4bCfKyBZzGEvPl4r/HsnoDSTomXOc+hk5EiwlFFivKkT5UnC7dp7BbDnu jNBY6lRCr6phAMlQAPZ7M7WFqNE0n4GwlBOtG6Hjdx0LFGGUQ6uHvU15IQekyNoe1WQDHTHll07PO8tCU6l8j9hcGm9HmFJpvV5FnsyI6anR3 2FcZyv3Tfpm45lIu8bELQqlPY5NhIXK8AJU0ANP/cKoYr5XjHtEUWo8Yuq1+cjAadUZhkRiY1MnLj2csdad2iDprNB6Lo2WHZ+uOtY7trNARS 6vFugvjAOQvz2JW4Vf0FzOKJ1PaJVRQwT2xuuHXZsVEyoMus/F4JwcRRaH4bWx0HFKVeYgTNjTFFyDHJ8egXFaWUr0RE2A9OTyRWr6SDhO/DX QMFH38tGDooYqZ57nAmWsS/g7KXmt4wTSP2lxSf+LPwd8Imxn0GxM1wcuuR6uOYJNVVB70oqoizql1xlGGmR/BOvqgzjVJurNeq0Qj1LpdCGC DNyKVrOHvrRZe6iuWiuSGoUETqXGsaTfkkqwy03jNbnveDtHCgjvOirN372lAFPrvqL4zHnt+UGnN0qq/hHgONEZoSJkZZWL8nVkoyl5EDEBX yDtY0XOIz+ix5cpj0oWSYMHIG6YP3jEo4+JTeV3eZSuLzU/PQqWFkdPDPT6Cl6hhZQiF6jFfQBbaIdRNFn9BV9Q99rP2q/ar9rfyp0cmIQ8wQ NydTtvyllz5o=</latexit>
CFreeW
<latexit sha1_base64="va0Jr860pJHJcAZgd6ZGzVYSv6U=">AAAFTHichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqqWIC2pp04eaT SOvd7ax6rUX2+kDy7+DK/wh7vwPbggJ7276SBrESIlmZ7552nKcc6ZNo/FzYvJWber2nem79Xv3Hzx8NDP7eFfLvqKwQyWXaj8mGjgTsGOY4bCfKyBZzGEvPl4r/HsnoDSTomXOc+hk5EiwlFFivKkT5UnC7dp7BbDnujNBY6lRCr6phAMlQAPZ7M7WFqNE0n4GwlBOtG6Hjdx0LFGGUQ6uHvU 15IQekyNoe1WQDHTHll07PO8tCU6l8j9hcGm9HmFJpvV5FnsyI6anR32FcZyv3Tfpm45lIu8bELQqlPY5NhIXK8AJU0ANP/cKoYr5XjHtEUWo8Yuq1+cjAadUZhkRiY1MnLj2csdad2iDprNB6Lo2WHZ+uOtY7trNARS6vFugvjAOQvz2JW4Vf0FzOKJ1PaJVRQwT2xuuHXZsVEyoMus/F4Jwc RRaH4bWx0HFKVeYgTNjTFFyDHJ8egXFaWUr0RE2A9OTyRWr6SDhO/DXQMFH38tGDooYqZ57nAmWsS/g7KXmt4wTSP2lxSf+LPwd8Imxn0GxM1wcuuR6uOYJNVVB70oqoizql1xlGGmR/BOvqgzjVJurNeq0Qj1LpdCGCDNyKVrOHvrRZe6iuWiuSGoUETqXGsaTfkkqwy03jNbnveDtHCgjvOi rN372lAFPrvqL4zHnt+UGnN0qq/hHgONEZoSJkZZWL8nVkoyl5EDEBXyDtY0XOIz+ix5cpj0oWSYMHIG6YP3jEo4+JTeV3eZSuLzU/PQqWFkdPDPT6Cl6hhZQiF6jFfQBbaIdRNFn9BV9Q99rP2q/ar9rfyp0cmIQ8wQNydTtvyllz5o=</latexit>
CFreeW[A]
<latexit sha1_base64="U5tLjOM/LVHbLWNM1jdvDBMy3Oo=">AAAFUXichZRPTxNBFMAHbBWLStGjl8ENCRgl3WKiBw8IYrwYEMqf0C3N7 OxbOmF3ZjMzLeBkvolX/UKe/CjenN0tlJYaX9Lm7Xu/93cmE2YJU7rR+D0ze69Svf9g7mFt/tHjJwv1xaeHSvQlhQMqEiGPQ6IgYRwONNMJHGcSSBomcBSeb+X+owFIxQRv6asMOik54yxmlGhn6tbrQRZFidn6JAGO2h86tlv3GmuNQvBdxR8qHhrKbnexshpEgvZT4JomRKm238h0xxCpGU3 A1oK+gozQc3IGbadykoLqmKJ1i5edJcKxkO7HNS6styMMSZW6SkNHpkT31KQvN07ztfs6ftcxjGd9DZyWheJ+grXA+R5wxCRQnVw5hVDJXK+Y9ogkVLtt1WrLAYcLKtKU8MgEOoxse71jjD01XtMaz7dd461bN9xtLLPt5hDybdbNUVcYez5+/xq38j+vOR7Ruh3RKiPGif0d2/Y7JsgnlKlxn yuevzoJbY9D29Og/KBLTMOl1jovOQU5vxhBYVzaCnSCTUH3RDRiFR0m/AjuGkj44nrZyUASLeRLhzPOUvYNrLnR3JZxBLG7uXjgzsLdAZcYuxkku8T5oYtEjdccUF0WdK6oJIqibsllhokWyT/xsso4TpUerVHFJepYKrjShOuJS9Gy5tSNLjIbLAVLeVItCVeZUDCddEuSKW7ZcbS27ATvZ0A ZSfK+etNnjxkk0ai/MJxyfnt2yJm9oop7CRIciZQwPtHS5g25WZChEAkQfg3fYU3jFfaD/6InN2lPCpZxDWcgr1n3uPiTT8ld5bC55q+vNb++8TY2h8/MHHqOXqAV5KO3aAN9RrvoAFE0QN/RD/Sz8qvyp4qqsyU6OzOMeYbGpDr/Fwg0zuQ=</latexit>
Grasp[A]
<latexit sha1_base64="FIE04gamXwpoPT1R6Lzt+F4PZ9E=">AAAFUHichZTNTxQxFMALLorrB6BHL8UJCRglO4uJHjwgSvRiQF iEsLNsOp03bEOnnbRdPmz6l3jVf8ib/4k37cwsLLusscnMvHn9vc++NM4506bR+DU1fas2c/vO7N36vfsPHs7NLzz6omVfUdijkkt1EBMNnAnYM8xwOMgVkCzmsB+fvCv2909BaSZFy1zk0MnIsWApo8R4VXd+LsqThNsPiui8/bbjuvNBY7VRLnxTCAdCgAZru7tQW4kSS fsZCEM50bodNnLTsUQZRjm4etTXkBN6Qo6h7UVBMtAdW2bu8JLXJDiVyj/C4FJ73cKSTOuLLPZkRkxPj+8Vykl77b5JX3csE3nfgKBVoLTPsZG4aANOmAJq+IUXCFXM54ppjyhCjW9Wvb4UCTijMsuISGxk4sS11zrWuiMbNJ0NQte1wZrzxV3HctduDqDQ5d0C9YFxEOI3L 3CreAXNUYvWdYtWZTFK7G65dtixUVGhyqz/XQ7ClXFocxTanAQV51xhBs6NMUXICcjJ2RCK00pXomNsBqYnkyGr6cDhe/BjoOCTz2UrB0WMVM88zgTL2Fdw9kryXcYJpH5w8ak/Cz8D3jH2NSh2jotDl1yPxjylpgrot5KKKIP6JlcexlIk/8SrKKM41WbYRp1WqGepFNoQ YcaGouXskS9d5i5ajBYLp0YRoXOpYTLpm6Qy3HKjaH3JL7ybA2WEF3n1JteeMuDJML84nnB+O27A2Z0yir8IOE5kRpgYS2njitwoyVhKDkRcwjdY23iOw+i/6OGV28OSZcLAMahL1l8u4fhVclP40lwN11abn18G6xuDa2YWPUFP0TIK0Su0jj6ibbSHKOqjb+g7+lH7Wft d+zMzVaHTgy96jEbWTP0vZ6rPug==</latexit>
p4
<latexit sha1_base64="dTzKqCHiGYuFxek2XWuhQNg1Xqc=">AAAFQnic hZRbb9MwFIC9UWCU2waPvHhEkzYEU9NNggcepsEkXtDG1l20pqsc56S15tiR7e6C5Z/AK/wh/gR/gTfEKw84SXdpV4SlRCfH37n6xHHOmTaNxo+p6Vu123 fuztyr33/w8NHj2bkne1oOFIVdKrlUBzHRwJmAXcMMh4NcAcliDvvx8btif/8ElGZStMx5Dp2M9ARLGSXGq3by7mp3NmgsN8qFbwrhUAjQcG1152pLUSLp IANhKCdat8NGbjqWKMMoB1ePBhpyQo9JD9peFCQD3bFlrg4veE2CU6n8IwwutdctLMm0Ps9iT2bE9PX4XqGctNcemPRNxzKRDwwIWgVKBxwbiYvCccIUUM PPvUCoYj5XTPtEEWp8e+r1hUjAKZVZRkRiIxMnrr3SsdYd2aDpbBC6rg1WnC/uOpa7dnMIhS7vFqgPjIMQv32FW8UraI5atK5btCqLUWJn07XDjo2KClVm /ediEC6NQxuj0MYkKE8SXmEGzowxRcgJyPHpFRSnla5Ex9gMTF8mV6ymQ4fvwY+Bgo8+l80cFDFSvfA4Eyxjn8HZS8l3GSeQ+lHFJ/4s/Ax4x9jXoNgZLg 5dcj0a84SaKqDfSiqiDOqbXHkYS5H8E6+ijOJUm6s26rRCPUul0IYIMzYULWePfOkyd9F8NF84NYoInUsNk0nfJJXhlhtF6wt+4Z0cKCO8yKs/ufaUAU+u 8ovjCee37Yac3S6j+F+f40RmhImxlNYvyfWSjKXkQMQFfIO1jZc4jP6LHl66PSxZJgz0QF2w/nIJx6+Sm8JeczlcWW5+Wg3W1ofXzAx6hp6jRRSi12gNfU BbaBdR1ENf0Ff0rfa99rP2q/a7QqenhjZP0ciq/fkLtpHMJA==</latexit>
q1
<latexit sha1_base64="ekXb2PVLU2YtuAtArO3U+W7xl2g=">AAAFQnic hZRbb9MwFIC9UWCU2waPvHhEkzYEU9MhwQMP02ASL2hj6y5a01WOc9Jac+xgu7tg+SfwCn+IP8Ff4A3xygNO0l3aFWEp0cnxd64+cZxzpk2j8WNq+kbt5q 3bM3fqd+/df/Bwdu7RrpYDRWGHSi7Vfkw0cCZgxzDDYT9XQLKYw1589LbY3zsGpZkULXOWQycjPcFSRonxqu1P3bA7GzSWG+XC14VwKARouDa7c7WlKJF0 kIEwlBOt22EjNx1LlGGUg6tHAw05oUekB20vCpKB7tgyV4cXvCbBqVT+EQaX2qsWlmRan2WxJzNi+np8r1BO2msPTPq6Y5nIBwYErQKlA46NxEXhOGEKqO FnXiBUMZ8rpn2iCDW+PfX6QiTghMosIyKxkYkT117pWOsObdB0Nghd1wYrzhd3FctduzmEQpd3C9QHxkGI37zAreIVNEctWlctWpXFKLG94dphx0ZFhSqz /nMxCJfGofVRaH0SlCcJrzADp8aYIuQE5OjkEorTSleiY2wGpi+TS1bTocN34MdAwQefy0YOihipnnmcCZaxz+DsheS7jBNI/ajiY38Wfga8Y+xrUOwUF4 cuuR6NeUxNFdBvJRVRBvVNrjyMpUj+iVdRRnGqzWUbdVqhnqVSaEOEGRuKlrOHvnSZu2g+mi+cGkWEzqWGyaRvkspwy42i9QW/8HYOlBFe5NWfXHvKgCeX +cXxhPPbckPObpVR/K/PcSIzwsRYSmsX5FpJxlJyIOIcvsbaxnMcRv9FDy7cHpQsEwZ6oM5Zf7mE41fJdWG3uRyuLDc/vgxW14bXzAx6gp6iRRSiV2gVvU ebaAdR1ENf0Ff0rfa99rP2q/a7QqenhjaP0ciq/fkLrNvMIg==</latexit>
q3
<latexit sha1_base64="AtCU+gnZKw+eOOxZZVIMCA3lZ/E=">AAAFQnic hZTLbtQwFEDdMkAZXi0s2bhElVoE1WQGCRYsqkIlNqilnT7UyXTkOM6MVccOtqcPLH8CW/ghfoJfYIfYssB5tNOkg7CU6Ob63KdvHKaMKt1q/ZiZvdG4ee v23J3m3Xv3HzycX3i0p8RYYrKLBRPyIESKMMrJrqaakYNUEpSEjOyHx2+z/f0TIhUVvKvPU9JP0JDTmGKknWrn06AzmPdaq618weuCXwoeKNfWYKGxEkQC jxPCNWZIqZ7fSnXfIKkpZsQ2g7EiKcLHaEh6TuQoIapv8lwtXHKaCMZCuodrmGuvWhiUKHWehI5MkB6p+l6mnLbXG+v4dd9Qno414bgIFI8Z1AJmhcOISo I1O3cCwpK6XCEeIYmwdu1pNpcCTk6xSBLEIxPoMLK9Tt8Ye2S8tjWebwfG61hX3FUstb12Cfk2HWSoCww9H755AbvZy2tXLbpXLbqFRZXY2bQ9v2+CrEKZ GPe57PkrdWijCm1Mg9IoYgWmyZnWOgs5BTk+nUBhXOhytMYmRI9ENGEVLh2+I24MJPngctlMiURayGcOp5wm9DOx5lJyXYYRid2owhN3Fm4GnGPoapD0DG aHLpiqxjzBugjotqKCyIO6Jhceaimif+JFlCqOlZ60UcUF6lgsuNKI69pQdK05cqWL1AaLwWLmVEvEVSoUmU66JskEdm0VbS65BXdSgiliWV6j6bXHlLBo kl8YTjm/bVtyZjuP4n59BiORIMprKa1fkus5GQrBCOIX8DXWtJ5DP/gvenjp9jBnKddkSOQF6y4Xv36VXBf22qt+Z7X98aW3tl5eM3PgCXgKloEPXoE18B 5sgV2AwRB8AV/Bt8b3xs/Gr8bvAp2dKW0eg8pq/PkLtpPMJA==</latexit>
q0
<latexit sha1_base64="u5e1K//qhnmJ V5WK57gRjyFoDaU=">AAAFS3ichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlCJC2 pp04eaTSOv19tY9dqL7fSB5b/BFf4QP4DfwQ1xYHY3bZo0iJESzc588/B45DgX3NhG4 +fU9K3azO07s3fr9+4/ePhobv7xnlF9TdkuVULpg5gYJrhku5ZbwQ5yzUgWC7Yfn7wr/ PunTBuuZMte5KyTkWPJU06JBVMUZcT24tR97jZ8dy5orDRKwTeVcKAEaCBb3fnacpQo 2s+YtFQQY9phI7cdR7TlVDBfj/qG5YSekGPWBlWSjJmOK5v2eBEsCU6Vhp+0uLRej3A kM+Yii4EsmjTjvsI4ydfu2/RNx3GZ9y2TtCqU9gW2ChcTwAnXjFpxAQqhmkOvmPaIJtT CnOr1xUiyM6qyjMjERTZOfHu145w/ckHTuyD0XResejjcdSz37eYACn3eLVAojIMQv3 2JW8Vf0ByNaF2PaFURo8TOpm+HHVdekc4cfC4F4fI4tDEKbUyC8iQRFWbZubW2KDkBOT kbQrATpa1Ex9iM2Z5Khqyhg4TvGayBZh+hl82caWKVfg44lzzjX5h3VxpMGScshZ3Fp 3AXsAOQGMMZND/HxaUrYUZrnlJbFQRXUhFlURhylWGsRfJPvKoyilNjh2M0aYUCS5U0l kg7thQt747g6Cr30UK0UCS1mkiTK8MmkzAkneGWH0XriyB4J2eUE1H01Zt89pQzkQz7 i+MJ97ftB5zbLqvAGyBwojLC5VhL61fkeknGSglG5CV8g3WNFziM/oseXqU9LFkuLTtm +pKFxyUcf0puKnvNlXB1pfnpVbC2PnhmZtFT9AwtoRC9RmvoA9pCu4iiHH1F39D32o/ ar9rv2p8KnZ4axDxBIzIz8xeCKs9C</latexit>
p0
<latexit sha1_base64="OYreT6A0OBPr Sba+GM3RUtA5HkI=">AAAFS3ichZRLbxMxEIDdkkIJj7Zw5OKyqtQiqLIpEhw4VIVKXF BLmz7UbBp5vd7Gqte2bKcPLP8NrvCH+AH8Dm6IA95Hm24axEiJZme+eXg8ciwZ1abV+ jk1facxc/fe7P3mg4ePHs/NLzzZ12KoMNnDggl1GCNNGOVkz1DDyKFUBGUxIwfx6fvcf 3BGlKaCd8ylJL0MnXCaUoyMN0VRhswgTq3st1x/PmittgqBt5WwUgJQyXZ/obESJQIP M8INZkjrbtiSpmeRMhQz4prRUBOJ8Ck6IV2vcpQR3bNF0w4ueUsCU6H8jxtYWG9GWJR pfZnFnsyb1OO+3DjJ1x2a9G3PUi6HhnBcFkqHDBoB8wnAhCqCDbv0CsKK+l4hHiCFsPF zajaXIk7OscgyxBMbmThx3bWete7YBm1ng9D1bbDm/OFuYtJ12xUUOtnPUV8YBiF89w p28r+gXY/o3IzolBF1YnfLdcOeLa5IZdZ/Lgfhyji0WYc2J0EySViJGXJhjMlLTkBOz0 eQ34nCVqBjbEbMQCQjVuMq4Qfi10CRT76XLUkUMkK98DjlNKNfiLPXmp8yTEjqdxae+ bvwO+ATQ38GRS9gfumC6XrNM2zKgt6VlERR1A+5zDDWIvonXlap41ib0Rh1WqKexYJrg 7gZW4qOs8f+6EK6aDFazJMahbiWQpPJpB+SymDH1dHmkhe4KwmmiOV9DSafPaWEJaP+ 4njC/e24irM7RRX/BjCYiAxRPtbSxjW5UZCxEIwgfgXfYm3rJQyj/6JH12mPCpZyQ06I umL94xKOPyW3lf32ari22v78OljfqJ6ZWfAMPAfLIARvwDr4CLbBHsBAgq/gG/je+NH 41fjd+FOi01NVzFNQk5mZv31Lz0E=</latexit>
⌧1
<latexit sha1_base64="A3nDXnZ06QzD6mEAzBPg/uTD3N0=">AAAFRXic hZRbb9MwFIC9UWCU2waPvHhEkzYEU9MhwQMP02ASL2hj6y5a01WOc7KaOXZku7tg+T/wCn+I38CP4A3xCk7SrWtXhKVEJ8ffufrEcc6ZNo3Gj6npG7Wbt2 7P3KnfvXf/wcPZuUe7WvYVhR0quVT7MdHAmYAdwwyH/VwByWIOe/Hx22J/7wSUZlK0zHkOnYwcCZYySoxX7UaG9LthdzZoLDfKha8L4UAI0GBtdudqS1Ei aT8DYSgnWrfDRm46lijDKAdXj/oackKPyRG0vShIBrpjy3QdXvCaBKdS+UcYXGqvWliSaX2exZ7MiOnp8b1COWmv3Tfp645lIu8bELQKlPY5NhIXteOEKa CGn3uBUMV8rpj2iCLU+A7V6wuRgFMqs4yIxEYmTlx7pWOtO7RB09kgdF0brDhf3FUsd+3mAApd3i1QHxgHIX7zAreKV9ActWhdtWhVFqPE9oZrhx0bFRWq zPrPxSBcGofWR6H1SVCeJLzCDJwZY4qQE5Dj0yEUp5WuRMfYDExPJkNW04HDd+DHQMEHn8tGDooYqZ55nAmWsc/g7KXku4wTSP204hN/Fn4GvGPsa1DsDB eHLrkejXlCTRXQbyUVUQb1Ta48jKVI/olXUUZxqs2wjTqtUM9SKbQhwowNRcvZQ1+6zF00H80XTo0iQudSw2TSN0lluOVG0fqCX3g7B8oIL/LqTa49ZcCT YX5xPOH8ttyAs1tlFP/3c5zIjDAxltLaJblWkrGUHIi4gK+xtvEch9F/0YNLtwcly4SBI1AXrL9cwvGr5Lqw21wOV5abH18Gq2uDa2YGPUFP0SIK0Su0it 6jTbSDKPqEvqCv6Fvte+1n7Vftd4VOTw1sHqORVfvzFwhdzXU=</latexit>
⌧3
<latexit sha1_base64="us38AcNzwQ1echvu4uP6Vlsprdg=">AAAFRXic hZRbb9MwFIC9UWCU2waPvHhEkzYEU9MiwQMP02ASL2hj6y5a01WO46xmjh3Zp7tg+T/wCn+I38CP4A3xCk7SXdoVYSnRyfF3rj5xnAtuoNH4MTV9o3bz1u 2ZO/W79+4/eDg792jHqIGmbJsqofReTAwTXLJt4CDYXq4ZyWLBduOjt8X+7jHThivZhrOcdTNyKHnKKQGv2omADHqt3mzQWG6UC18XwqEQoOHa6M3VlqJE 0UHGJFBBjOmEjRy6lmjgVDBXjwaG5YQekUPW8aIkGTNdW6br8ILXJDhV2j8ScKm9amFJZsxZFnsyI9A343uFctJeZwDp667lMh8Ak7QKlA4EBoWL2nHCNa MgzrxAqOY+V0z7RBMKvkP1+kIk2QlVWUZkYiOIE9dpda11BzZoOhuErmeDlvPFXcVy12kOodDlvQL1gXEQ4jcvcLt4Bc1Ri/ZVi3ZlMUpsrbtO2LVRUaHO rP9cDMKlcWhtFFqbBOVJIioM2CkAFCEnIEcnl1CcVroSHWMzBn2VXLKGDh2+Y34MNPvgc1nPmSag9DOPc8kz/pk5eyH5LuOEpX5a8bE/Cz8D3jH2NWh+io tDV8KMxjymUAX0W0lFlEF9kysPYymSf+JVlFGcGrhso0kr1LNUSQNEwthQtJ098KWr3EXz0XzhFDSRJleGTSZ9k3SG224UrS/4hbdyRjkRRV79ybWnnInk Mr84nnB+m27I2c0yiv/7BU5URrgcS2n1glwtyVgpwYg8h6+xtvEch9F/0f0Lt/slyyWwQ6bPWX+5hONXyXVhp7kctpabH18GK6vDa2YGPUFP0SIK0Su0gt 6jDbSNKPqEvqCv6Fvte+1n7Vftd4VOTw1tHqORVfvzFxIVzXc=</latexit>
g2
<latexit sha1_base64="gDX5YDpw6KAzwyPzahkk4W0hj50=">AAAFQnic hZRPb9MwFMC9UWCUfxscuXhEkzYEU9MhwYHDNJjEBW1s3YbWdJXjvLTWHDuy3f3B8kfgCl+IL8FX4Ia4csBJunXtirCU6OX59/76xXHOmTaNxo+Z2Ru1m7 duz92p3713/8HD+YVH+1oOFIU9KrlUn2KigTMBe4YZDp9yBSSLORzEx2+L/YMTUJpJ0TLnOXQy0hMsZZQYr9rtdZvd+aCx2igXvi6EQyFAw7XdXaitRImk gwyEoZxo3Q4buelYogyjHFw9GmjICT0mPWh7UZAMdMeWuTq85DUJTqXyjzC41F61sCTT+jyLPZkR09eTe4Vy2l57YNLXHctEPjAgaBUoHXBsJC4KxwlTQA 0/9wKhivlcMe0TRajx7anXlyIBp1RmGRGJjUycuPZax1p3ZIOms0HoujZYc764q1ju2s0hFLq8W6A+MA5C/OYFbhWvoDlu0bpq0aosxondLdcOOzYqKlSZ 9Z/LQbgyCW2OQ5vToDxJeIUZODPGFCGnIMenIyhOK12JTrAZmL5MRqymQ4fvwI+Bgg8+l60cFDFSPfM4Eyxjn8HZS8l3GSeQ+lHFJ/4s/Ax4x9jXoNgZLg 5dcj0e84SaKqDfSiqiDOqbXHmYSJH8E6+ijONUm1EbdVqhnqVSaEOEmRiKlrNHvnSZu2gxWiycGkWEzqWG6aRvkspwy42j9SW/8G4OlBFe5NWfXnvKgCej /OJ4yvntuCFnd8oo/tfnOJEZYWIipY1LcqMkYyk5EHEBX2Nt4zkOo/+ih5duD0uWCQM9UBesv1zCyavkurDfXA3XVpsfXwbrG8NrZg49QU/RMgrRK7SO3q NttIco6qEv6Cv6Vvte+1n7VftdobMzQ5vHaGzV/vwFgQvMGQ==</latexit>
Figure 9: A simplification of the constraint network in Figure 8.
an objective function, which incorporates both the hard constraint violation and any soft
action cost penalties, using local-descent methods, though these are guaranteed to reach
only a local optimum of the objective function, which may not satisfy the constraints.
Equation (2) displays a mathematical program corresponding to the constraint network in
Figure 9. The trajectories τ1, τ3 are approximated as a sequence of robot configurations
τ [0], τ [1], ..., τ [T ] where T is a hyperparameter. Each constraint is associated with a real-
valued (and often once or twice differentiable) function, which is expressed either in an
equality (g(. . .)) or inequality (h(. . .)) constraint for the mathematical program. Although
it is not a focus of this survey, optimization can also fluidly incorporate action costs, enabling
it to identify a solution that is not only feasible but also low-cost. For example, Equation (2)
minimizes the combined cost of moving through a moveF mode (fmoveF(...)) and a moveH[A]
(fmoveH[A](...)) mode, each of which are sums of a function defined on adjacent configurations
that comprise trajectory parameter τ1 or τ3. More generally, mixed-integer programming
(mip) techniques are required. One prominent algorithm for solving mips is branch-and-
bound, which performs a discrete search over assignments to the integer variables; then,
conditioned on an assignment for each integer variable, the resulting mathematical program
is real-valued and can be addressed by descent.
minimize
q1,τ1,g2,τ3,q3,p4
∑T
t=1 fmoveF(τ1[t], τ1[t− 1]) +
∑T
t=1 fmoveH[A](g1, τ3[t], τ3[t− 1])
subject to gGrasp[A](g1) = 0, gStable[A](p4) = 0, hOnStove[A](p4) ≤ 0
gKin[A](q1,p0, g2) = 0, gKin[A](q3, p4, g1) = 0
hMotion(τ1[t], τ1[t− 1]) ≤ 0, hMotion(τ3[t], τ3[t− 1]) ≤ 0 for t ∈ [T ]
hCFreeW(τ1[t]) ≤ 0, hCFreeA(p0, τ1[t]) ≤ 0 for t ∈ [T ]
hCFreeW(τ3[t]) ≤ 0, hCFreeW[A](g1, τ3[t]) ≤ 0 for t ∈ [T ]
τ1[0] = q0, τ1[T ] = τ3[0] = q1, τ3[T ] = q3
(2)
3.2.2. Individual Satisfaction. An alternative approach to solving h-csps is to generate
small groups of parameter values that satisfy a single constraint or a small set of constraints,
and combine them. A sampler takes one or more constraints and generates a sequence of
assignments of values to the free parameters, where each assignment that is generated is
guaranteed to satisfy the constraints.
A challenge when designing samplers is dealing with constraints whose set of satisfying
values has lower dimension than combined domains of the free parameters. For example, the
Stable[obj](p) constraint requires object obj to rest perpendicular to a 2D plane within a
3D pose space, so this constraint lies in SE(2) despite the set of object poses being in SE(3).
The rejection-sampling strategy of sampling at random from a bounded region of SE(3) will
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have zero probability of producing a value satisfying this constraint. However, samples can
be produced by directly sampling Stable rather than SE(3). Low-dimensional constraints
remain problematic when attempting to produce values that also satisfy other constraints.
For example, consider solving for values of q, p, g that satisfy both Stable[obj](p) and
Kin[obj](q, p, g). Here, the difficulty is finding a pose p that satisfies Stable while also
admitting values of q, g that satisfy Kin. One solution is to explicitly design samplers that
operate on larger collections of constraints; this approach generally reduces to the joint
satisfaction approach (Section 3.2.2).
Alternatively, one can design conditional samplers that take in input values for some
of the parameters in the constraint(s) and produce satisfying output values for the rest of
the parameters. Intuitively, these samplers consume values already known to satisfy some
constraints and find completing values that are compatible for additional constraints. In the
above example, a conditional sampler for Kin[obj] that takes in p, g as inputs can consume
a placement pose sampled by Stable[obj] and produce configurations q through finding
inverse kinematics (ik) solutions. In the event that no ik solution exists, the conditional
sampler returns an empty sequence, effectively rejecting the input values. Boolean tests for
a constraint can also be represented within this framework as degenerate “samplers” that
perform a check on the input values but do not generate any output values. For example,
the collision-free constraints CFreeW, CFreeA, and CFreeW[A] can be evaluated by querying
a collision checker. In some applications, it may be beneficial to specify several conditional
samplers for an individual constraint, which represent different partitions into input and
output parameters. For example, an alternative sampler for Kin[obj] takes in q, g and
performs forward kinematics to produce a pose for obj that satisfies the constraint.
OnStove[A]
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CFreeW
<latexit sha1_base64="va0Jr860pJHJcAZgd6ZGzVYSv6U=">AAAFTHichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqqWIC2 pp04eaTSOvd7ax6rUX2+kDy7+DK/wh7vwPbggJ7276SBrESIlmZ7552nKcc6ZNo/FzYvJWber2nem79Xv3Hzx8NDP7eFfLvqKwQyWXaj8mGjgTsGOY4bCfKyBZzGEvPl4r/HsnoDSTomXOc+hk5EiwlFFivKkT5UnC7dp7BbDnujNBY6lRCr6phAMlQAPZ7M7WFqNE0n4Gw lBOtG6Hjdx0LFGGUQ6uHvU15IQekyNoe1WQDHTHll07PO8tCU6l8j9hcGm9HmFJpvV5FnsyI6anR32FcZyv3Tfpm45lIu8bELQqlPY5NhIXK8AJU0ANP/cKoYr5XjHtEUWo8Yuq1+cjAadUZhkRiY1MnLj2csdad2iDprNB6Lo2WHZ+uOtY7trNARS6vFugvjAOQvz2JW4V f0FzOKJ1PaJVRQwT2xuuHXZsVEyoMus/F4JwcRRaH4bWx0HFKVeYgTNjTFFyDHJ8egXFaWUr0RE2A9OTyRWr6SDhO/DXQMFH38tGDooYqZ57nAmWsS/g7KXmt4wTSP2lxSf+LPwd8Imxn0GxM1wcuuR6uOYJNVVB70oqoizql1xlGGmR/BOvqgzjVJurNeq0Qj1LpdCGCDN yKVrOHvrRZe6iuWiuSGoUETqXGsaTfkkqwy03jNbnveDtHCgjvOirN372lAFPrvqL4zHnt+UGnN0qq/hHgONEZoSJkZZWL8nVkoyl5EDEBXyDtY0XOIz+ix5cpj0oWSYMHIG6YP3jEo4+JTeV3eZSuLzU/PQqWFkdPDPT6Cl6hhZQiF6jFfQBbaIdRNFn9BV9Q99rP2q/ar 9rfyp0cmIQ8wQNydTtvyllz5o=</latexit>
CFreeW
<latexit sha1_base64="va0Jr860pJHJcAZgd6ZGzVYSv6U=">AAAFTHichZRLbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqqWIC2 pp04eaTSOvd7ax6rUX2+kDy7+DK/wh7vwPbggJ7276SBrESIlmZ7552nKcc6ZNo/FzYvJWber2nem79Xv3Hzx8NDP7eFfLvqKwQyWXaj8mGjgTsGOY4bCfKyBZzGEvPl4r/HsnoDSTomXOc+hk5EiwlFFivKkT5UnC7dp7BbDnujNBY6lRCr6phAMlQAPZ7M7WFqNE0n4Gw lBOtG6Hjdx0LFGGUQ6uHvU15IQekyNoe1WQDHTHll07PO8tCU6l8j9hcGm9HmFJpvV5FnsyI6anR32FcZyv3Tfpm45lIu8bELQqlPY5NhIXK8AJU0ANP/cKoYr5XjHtEUWo8Yuq1+cjAadUZhkRiY1MnLj2csdad2iDprNB6Lo2WHZ+uOtY7trNARS6vFugvjAOQvz2JW4V f0FzOKJ1PaJVRQwT2xuuHXZsVEyoMus/F4JwcRRaH4bWx0HFKVeYgTNjTFFyDHJ8egXFaWUr0RE2A9OTyRWr6SDhO/DXQMFH38tGDooYqZ57nAmWsS/g7KXmt4wTSP2lxSf+LPwd8Imxn0GxM1wcuuR6uOYJNVVB70oqoizql1xlGGmR/BOvqgzjVJurNeq0Qj1LpdCGCDN yKVrOHvrRZe6iuWiuSGoUETqXGsaTfkkqwy03jNbnveDtHCgjvOirN372lAFPrvqL4zHnt+UGnN0qq/hHgONEZoSJkZZWL8nVkoyl5EDEBXyDtY0XOIz+ix5cpj0oWSYMHIG6YP3jEo4+JTeV3eZSuLzU/PQqWFkdPDPT6Cl6hhZQiF6jFfQBbaIdRNFn9BV9Q99rP2q/ar 9rfyp0cmIQ8wQNydTtvyllz5o=</latexit>
CFreeW[A]
<latexit sha1_base64="U5tLjOM/LVHbLWNM1jdvDBMy3Oo=">AAAFUXichZRPTxNBFMAHbBWLStGjl8ENCRgl3WKiBw8IYrwYEM qf0C3N7OxbOmF3ZjMzLeBkvolX/UKe/CjenN0tlJYaX9Lm7Xu/93cmE2YJU7rR+D0ze69Svf9g7mFt/tHjJwv1xaeHSvQlhQMqEiGPQ6IgYRwONNMJHGcSSBomcBSeb+X+owFIxQRv6asMOik54yxmlGhn6tbrQRZFidn6JAGO2h86tlv3GmuNQvBdxR8qHhrKbnexshpEg vZT4JomRKm238h0xxCpGU3A1oK+gozQc3IGbadykoLqmKJ1i5edJcKxkO7HNS6styMMSZW6SkNHpkT31KQvN07ztfs6ftcxjGd9DZyWheJ+grXA+R5wxCRQnVw5hVDJXK+Y9ogkVLtt1WrLAYcLKtKU8MgEOoxse71jjD01XtMaz7dd461bN9xtLLPt5hDybdbNUVcYez5+ /xq38j+vOR7Ruh3RKiPGif0d2/Y7JsgnlKlxnyuevzoJbY9D29Og/KBLTMOl1jovOQU5vxhBYVzaCnSCTUH3RDRiFR0m/AjuGkj44nrZyUASLeRLhzPOUvYNrLnR3JZxBLG7uXjgzsLdAZcYuxkku8T5oYtEjdccUF0WdK6oJIqibsllhokWyT/xsso4TpUerVHFJepYKrj ShOuJS9Gy5tSNLjIbLAVLeVItCVeZUDCddEuSKW7ZcbS27ATvZ0AZSfK+etNnjxkk0ai/MJxyfnt2yJm9oop7CRIciZQwPtHS5g25WZChEAkQfg3fYU3jFfaD/6InN2lPCpZxDWcgr1n3uPiTT8ld5bC55q+vNb++8TY2h8/MHHqOXqAV5KO3aAN9RrvoAFE0QN/RD/Sz8q vyp4qqsyU6OzOMeYbGpDr/Fwg0zuQ=</latexit>
Grasp[A]
<latexit sha1_base64="FIE04gamXwpoPT1R6Lzt+F4PZ9 E=">AAAFUHichZTNTxQxFMALLorrB6BHL8UJCRglO4uJHjwgSvRiQFiEsLNsOp03bEOnnbRdPmz6l3jVf8ib/4k37cwsLLu sscnMvHn9vc++NM4506bR+DU1fas2c/vO7N36vfsPHs7NLzz6omVfUdijkkt1EBMNnAnYM8xwOMgVkCzmsB+fvCv2909Ba SZFy1zk0MnIsWApo8R4VXd+LsqThNsPiui8/bbjuvNBY7VRLnxTCAdCgAZru7tQW4kSSfsZCEM50bodNnLTsUQZRjm4etTX kBN6Qo6h7UVBMtAdW2bu8JLXJDiVyj/C4FJ73cKSTOuLLPZkRkxPj+8Vykl77b5JX3csE3nfgKBVoLTPsZG4aANOmAJq+IU XCFXM54ppjyhCjW9Wvb4UCTijMsuISGxk4sS11zrWuiMbNJ0NQte1wZrzxV3HctduDqDQ5d0C9YFxEOI3L3CreAXNUYvWd YtWZTFK7G65dtixUVGhyqz/XQ7ClXFocxTanAQV51xhBs6NMUXICcjJ2RCK00pXomNsBqYnkyGr6cDhe/BjoOCTz2UrB0WM VM88zgTL2Fdw9kryXcYJpH5w8ak/Cz8D3jH2NSh2jotDl1yPxjylpgrot5KKKIP6JlcexlIk/8SrKKM41WbYRp1WqGepFNo QYcaGouXskS9d5i5ajBYLp0YRoXOpYTLpm6Qy3HKjaH3JL7ybA2WEF3n1JteeMuDJML84nnB+O27A2Z0yir8IOE5kRpgYS2 njitwoyVhKDkRcwjdY23iOw+i/6OGV28OSZcLAMahL1l8u4fhVclP40lwN11abn18G6xuDa2YWPUFP0TIK0Su0jj6ibbSH KOqjb+g7+lH7Wftd+zMzVaHTgy96jEbWTP0vZ6rPug==</latexit>
p4
<latexit sha1_base64="dTzKqC HiGYuFxek2XWuhQNg1Xqc=">AAAFQnichZRbb9MwFIC9UWCU2waPvHh EkzYEU9NNggcepsEkXtDG1l20pqsc56S15tiR7e6C5Z/AK/wh/gR/gT fEKw84SXdpV4SlRCfH37n6xHHOmTaNxo+p6Vu123fuztyr33/w8NHj2 bkne1oOFIVdKrlUBzHRwJmAXcMMh4NcAcliDvvx8btif/8ElGZStMx5 Dp2M9ARLGSXGq3by7mp3NmgsN8qFbwrhUAjQcG1152pLUSLpIANhKCd at8NGbjqWKMMoB1ePBhpyQo9JD9peFCQD3bFlrg4veE2CU6n8Iwwutd ctLMm0Ps9iT2bE9PX4XqGctNcemPRNxzKRDwwIWgVKBxwbiYvCccIUU MPPvUCoYj5XTPtEEWp8e+r1hUjAKZVZRkRiIxMnrr3SsdYd2aDpbBC6 rg1WnC/uOpa7dnMIhS7vFqgPjIMQv32FW8UraI5atK5btCqLUWJn07X Djo2KClVm/ediEC6NQxuj0MYkKE8SXmEGzowxRcgJyPHpFRSnla5Ex9 gMTF8mV6ymQ4fvwY+Bgo8+l80cFDFSvfA4Eyxjn8HZS8l3GSeQ+lHFJ /4s/Ax4x9jXoNgZLg5dcj0a84SaKqDfSiqiDOqbXHkYS5H8E6+ijOJU m6s26rRCPUul0IYIMzYULWePfOkyd9F8NF84NYoInUsNk0nfJJXhlht F6wt+4Z0cKCO8yKs/ufaUAU+u8ovjCee37Yac3S6j+F+f40RmhImxlN YvyfWSjKXkQMQFfIO1jZc4jP6LHl66PSxZJgz0QF2w/nIJx6+Sm8Jec zlcWW5+Wg3W1ofXzAx6hp6jRRSi12gNfUBbaBdR1ENf0Ff0rfa99rP2 q/a7QqenhjZP0ciq/fkLtpHMJA==</latexit>
q1
<latexit sha1_base64="ekXb2PVLU2YtuAtArO3U+W7xl2g=">AAAF QnichZRbb9MwFIC9UWCU2waPvHhEkzYEU9MhwQMP02ASL2hj6y5a01WOc9Jac+xgu7tg+SfwCn+IP8Ff4A3xygNO0l3aFWEp0cnxd64+cZxzpk 2j8WNq+kbt5q3bM3fqd+/df/Bwdu7RrpYDRWGHSi7Vfkw0cCZgxzDDYT9XQLKYw1589LbY3zsGpZkULXOWQycjPcFSRonxqu1P3bA7GzSWG+XC 14VwKARouDa7c7WlKJF0kIEwlBOt22EjNx1LlGGUg6tHAw05oUekB20vCpKB7tgyV4cXvCbBqVT+EQaX2qsWlmRan2WxJzNi+np8r1BO2msPTP q6Y5nIBwYErQKlA46NxEXhOGEKqOFnXiBUMZ8rpn2iCDW+PfX6QiTghMosIyKxkYkT117pWOsObdB0Nghd1wYrzhd3FctduzmEQpd3C9QHxkGI 37zAreIVNEctWlctWpXFKLG94dphx0ZFhSqz/nMxCJfGofVRaH0SlCcJrzADp8aYIuQE5OjkEorTSleiY2wGpi+TS1bTocN34MdAwQefy0YOih ipnnmcCZaxz+DsheS7jBNI/ajiY38Wfga8Y+xrUOwUF4cuuR6NeUxNFdBvJRVRBvVNrjyMpUj+iVdRRnGqzWUbdVqhnqVSaEOEGRuKlrOHvnSZ u2g+mi+cGkWEzqWGyaRvkspwy42i9QW/8HYOlBFe5NWfXHvKgCeX+cXxhPPbckPObpVR/K/PcSIzwsRYSmsX5FpJxlJyIOIcvsbaxnMcRv9FDy 7cHpQsEwZ6oM5Zf7mE41fJdWG3uRyuLDc/vgxW14bXzAx6gp6iRRSiV2gVvUebaAdR1ENf0Ff0rfa99rP2q/a7QqenhjaP0ciq/fkLrNvMIg== </latexit>
q3
<latexit sha1_base64="AtCU+gnZKw+eOOxZZVIMCA3lZ/E=">AAAF QnichZTLbtQwFEDdMkAZXi0s2bhElVoE1WQGCRYsqkIlNqilnT7UyXTkOM6MVccOtqcPLH8CW/ghfoJfYIfYssB5tNOkg7CU6Ob63KdvHKaMKt 1q/ZiZvdG4eev23J3m3Xv3HzycX3i0p8RYYrKLBRPyIESKMMrJrqaakYNUEpSEjOyHx2+z/f0TIhUVvKvPU9JP0JDTmGKknWrn06AzmPdaq618 weuCXwoeKNfWYKGxEkQCjxPCNWZIqZ7fSnXfIKkpZsQ2g7EiKcLHaEh6TuQoIapv8lwtXHKaCMZCuodrmGuvWhiUKHWehI5MkB6p+l6mnLbXG+ v4dd9Qno414bgIFI8Z1AJmhcOISoI1O3cCwpK6XCEeIYmwdu1pNpcCTk6xSBLEIxPoMLK9Tt8Ye2S8tjWebwfG61hX3FUstb12Cfk2HWSoCww9 H755AbvZy2tXLbpXLbqFRZXY2bQ9v2+CrEKZGPe57PkrdWijCm1Mg9IoYgWmyZnWOgs5BTk+nUBhXOhytMYmRI9ENGEVLh2+I24MJPngctlMiU RayGcOp5wm9DOx5lJyXYYRid2owhN3Fm4GnGPoapD0DGaHLpiqxjzBugjotqKCyIO6Jhceaimif+JFlCqOlZ60UcUF6lgsuNKI69pQdK05cqWL 1AaLwWLmVEvEVSoUmU66JskEdm0VbS65BXdSgiliWV6j6bXHlLBokl8YTjm/bVtyZjuP4n59BiORIMprKa1fkus5GQrBCOIX8DXWtJ5DP/gven jp9jBnKddkSOQF6y4Xv36VXBf22qt+Z7X98aW3tl5eM3PgCXgKloEPXoE18B5sgV2AwRB8AV/Bt8b3xs/Gr8bvAp2dKW0eg8pq/PkLtpPMJA== </latexit>
q0
<latexit sha1_base64="u5e1K//qhnmJV5WK57gRjyFoDaU=">AAAFS3ichZR LbxMxEIDdkkIJrxaOXFxWlVoEVTZFggOHqlCJC2pp04eaTSOv19tY9dqL7fSB5b/BFf4QP4DfwQ1xYHY3bZo0iJESzc588/B45DgX3NhG4+fU9K3azO07s3fr9+4/e Phobv7xnlF9TdkuVULpg5gYJrhku5ZbwQ5yzUgWC7Yfn7wr/PunTBuuZMte5KyTkWPJU06JBVMUZcT24tR97jZ8dy5orDRKwTeVcKAEaCBb3fnacpQo2s+YtFQQY9p hI7cdR7TlVDBfj/qG5YSekGPWBlWSjJmOK5v2eBEsCU6Vhp+0uLRej3AkM+Yii4EsmjTjvsI4ydfu2/RNx3GZ9y2TtCqU9gW2ChcTwAnXjFpxAQqhmkOvmPaIJtTCn Or1xUiyM6qyjMjERTZOfHu145w/ckHTuyD0XResejjcdSz37eYACn3eLVAojIMQv32JW8Vf0ByNaF2PaFURo8TOpm+HHVdekc4cfC4F4fI4tDEKbUyC8iQRFWbZub W2KDkBOTkbQrATpa1Ex9iM2Z5Khqyhg4TvGayBZh+hl82caWKVfg44lzzjX5h3VxpMGScshZ3Fp3AXsAOQGMMZND/HxaUrYUZrnlJbFQRXUhFlURhylWGsRfJPvKoy ilNjh2M0aYUCS5U0lkg7thQt747g6Cr30UK0UCS1mkiTK8MmkzAkneGWH0XriyB4J2eUE1H01Zt89pQzkQz7i+MJ97ftB5zbLqvAGyBwojLC5VhL61fkeknGSglG5C V8g3WNFziM/oseXqU9LFkuLTtm+pKFxyUcf0puKnvNlXB1pfnpVbC2PnhmZtFT9AwtoRC9RmvoA9pCu4iiHH1F39D32o/ar9rv2p8KnZ4axDxBIzIz8xeCKs9C</l atexit>
p0
<latexit sha1_base64="OYreT6A0OB PrSba+GM3RUtA5HkI=">AAAFS3ichZRLbxMxEIDdkkIJj7Zw5OKyqtQiqLIpEhw 4VIVKXFBLmz7UbBp5vd7Gqte2bKcPLP8NrvCH+AH8Dm6IA95Hm24axEiJZme+eX g8ciwZ1abV+jk1facxc/fe7P3mg4ePHs/NLzzZ12KoMNnDggl1GCNNGOVkz1DDy KFUBGUxIwfx6fvcf3BGlKaCd8ylJL0MnXCaUoyMN0VRhswgTq3st1x/Pmittgq Bt5WwUgJQyXZ/obESJQIPM8INZkjrbtiSpmeRMhQz4prRUBOJ8Ck6IV2vcpQR3b NF0w4ueUsCU6H8jxtYWG9GWJRpfZnFnsyb1OO+3DjJ1x2a9G3PUi6HhnBcFkqHD BoB8wnAhCqCDbv0CsKK+l4hHiCFsPFzajaXIk7OscgyxBMbmThx3bWete7YBm1n g9D1bbDm/OFuYtJ12xUUOtnPUV8YBiF89wp28r+gXY/o3IzolBF1YnfLdcOeLa5 IZdZ/Lgfhyji0WYc2J0EySViJGXJhjMlLTkBOz0eQ34nCVqBjbEbMQCQjVuMq4Q fi10CRT76XLUkUMkK98DjlNKNfiLPXmp8yTEjqdxae+bvwO+ATQ38GRS9gfumC6 XrNM2zKgt6VlERR1A+5zDDWIvonXlap41ib0Rh1WqKexYJrg7gZW4qOs8f+6EK 6aDFazJMahbiWQpPJpB+SymDH1dHmkhe4KwmmiOV9DSafPaWEJaP+4njC/e24ir M7RRX/BjCYiAxRPtbSxjW5UZCxEIwgfgXfYm3rJQyj/6JH12mPCpZyQ06IumL94 xKOPyW3lf32ari22v78OljfqJ6ZWfAMPAfLIARvwDr4CLbBHsBAgq/gG/je+NH4 1fjd+FOi01NVzFNQk5mZv31Lz0E=</latexit>
⌧1
<latexit sha1_base64="A3nDXnZ06QzD6mEAzBPg/uTD3N0=">AAAF RXichZRbb9MwFIC9UWCU2waPvHhEkzYEU9MhwQMP02ASL2hj6y5a01WOc7KaOXZku7tg+T/wCn+I38CP4A3xCk7SrWtXhKVEJ8ffufrEcc6ZNo 3Gj6npG7Wbt27P3KnfvXf/wcPZuUe7WvYVhR0quVT7MdHAmYAdwwyH/VwByWIOe/Hx22J/7wSUZlK0zHkOnYwcCZYySoxX7UaG9LthdzZoLDfK ha8L4UAI0GBtdudqS1EiaT8DYSgnWrfDRm46lijDKAdXj/oackKPyRG0vShIBrpjy3QdXvCaBKdS+UcYXGqvWliSaX2exZ7MiOnp8b1COWmv3T fp645lIu8bELQKlPY5NhIXteOEKaCGn3uBUMV8rpj2iCLU+A7V6wuRgFMqs4yIxEYmTlx7pWOtO7RB09kgdF0brDhf3FUsd+3mAApd3i1QHxgH IX7zAreKV9ActWhdtWhVFqPE9oZrhx0bFRWqzPrPxSBcGofWR6H1SVCeJLzCDJwZY4qQE5Dj0yEUp5WuRMfYDExPJkNW04HDd+DHQMEHn8tGDo oYqZ55nAmWsc/g7KXku4wTSP204hN/Fn4GvGPsa1DsDBeHLrkejXlCTRXQbyUVUQb1Ta48jKVI/olXUUZxqs2wjTqtUM9SKbQhwowNRcvZQ1+6 zF00H80XTo0iQudSw2TSN0lluOVG0fqCX3g7B8oIL/LqTa49ZcCTYX5xPOH8ttyAs1tlFP/3c5zIjDAxltLaJblWkrGUHIi4gK+xtvEch9F/0Y NLtwcly4SBI1AXrL9cwvGr5Lqw21wOV5abH18Gq2uDa2YGPUFP0SIK0Su0it6jTbSDKPqEvqCv6Fvte+1n7Vftd4VOTw1sHqORVfvzFwhdzXU= </latexit>
⌧3
<latexit sha1_base64="us38AcNzwQ1echvu4uP6Vlsprdg=">AAAF RXichZRbb9MwFIC9UWCU2waPvHhEkzYEU9MiwQMP02ASL2hj6y5a01WO46xmjh3Zp7tg+T/wCn+I38CP4A3xCk7SXdoVYSnRyfF3rj5xnAtuoN H4MTV9o3bz1u2ZO/W79+4/eDg792jHqIGmbJsqofReTAwTXLJt4CDYXq4ZyWLBduOjt8X+7jHThivZhrOcdTNyKHnKKQGv2omADHqt3mzQWG6U C18XwqEQoOHa6M3VlqJE0UHGJFBBjOmEjRy6lmjgVDBXjwaG5YQekUPW8aIkGTNdW6br8ILXJDhV2j8ScKm9amFJZsxZFnsyI9A343uFctJeZw Dp667lMh8Ak7QKlA4EBoWL2nHCNaMgzrxAqOY+V0z7RBMKvkP1+kIk2QlVWUZkYiOIE9dpda11BzZoOhuErmeDlvPFXcVy12kOodDlvQL1gXEQ 4jcvcLt4Bc1Ri/ZVi3ZlMUpsrbtO2LVRUaHOrP9cDMKlcWhtFFqbBOVJIioM2CkAFCEnIEcnl1CcVroSHWMzBn2VXLKGDh2+Y34MNPvgc1nPmS ag9DOPc8kz/pk5eyH5LuOEpX5a8bE/Cz8D3jH2NWh+iotDV8KMxjymUAX0W0lFlEF9kysPYymSf+JVlFGcGrhso0kr1LNUSQNEwthQtJ098KWr 3EXz0XzhFDSRJleGTSZ9k3SG224UrS/4hbdyRjkRRV79ybWnnInkMr84nnB+m27I2c0yiv/7BU5URrgcS2n1glwtyVgpwYg8h6+xtvEch9F/0f 0Lt/slyyWwQ6bPWX+5hONXyXVhp7kctpabH18GK6vDa2YGPUFP0SIK0Su0gt6jDbSNKPqEvqCv6Fvte+1n7Vftd4VOTw1tHqORVfvzFxIVzXc= </latexit>
g2
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Figure 10: A sampling network for the constraint network in Figure 9.
More generally, several conditional samplers can be composed to form a sampling net-
work (55), a directed acyclic graph defined on free parameters and conditional samplers. A
directed edge from a parameter to a sampler indicates that the parameter is an input to the
sampler. A directed edge from a sampler to a parameter indicates that the parameter is an
output of the sampler. Each parameter is required to be the output of exactly one sampler.
This process is similar in spirit to converting a factor graph (constraint network) into a
directed acyclic Bayesian network (53). Figure 10 gives an example sampling network for
the factor graph in Figure 9.
3.2.3. Comparison. There is a trade-off between satisfying constraints individually versus
jointly. Individual satisfaction allows particular constraint types to be addressed using
a special-purpose procedure, which is well equipped for that constraint, and provides a
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framework for modularly combining them. For example, efficient algorithms for inverse
kinematics and motion planning can be used to respectively generate robot configurations
and trajectories. Often, values generated in an attempt to satisfy one h-csp can be reused
in other, related h-csps. In fact, values can even be usefully generated without a particular
h-csp in mind as shown in Section 3.3.2.
When jointly solving the complete set of constraints for a plan skeleton, only a single
solution is required because, by construction, it has satisfied all relevant constraints. In
comparison, when constructing samplers and conditional samplers, it is important that
they, in the limit as the number of samples goes to infinity, cover the complete space
of feasible solutions, because some samples may be ruled out by other constraints in the
problem. Another advantage of joint satisfaction is that constraints on one parameter can
transitively influence the selection of values for other parameters, directing the search. Many
methods for joint satisfaction requires the constraints to be made available in analytic form,
enabling fast and accurate computation of derivatives used in descent methods. However,
some constraints, such as collision constraints, are difficult to define in a differentiable
form. In such cases, sampling, which only requires black-box access to the constraint for
use in rejection sampling, can be a more effective strategy, although its success is strongly
dependent on the volume of solutions within the sampled space.
Finally, although we contrast these techniques, one can integrate both strategies. For ex-
ample, an algorithm could use individual sampling to generate values that satisfy Stable[A],
Grasp[A], and Kin[A] but use joint satisfaction to solve for trajectories τ that satisfy
Motion, CFreeW, CFreeA, and CFreeW[A].
3.3. Combining action sequence and parameter search
We now have the tools to search for action sequences (Section 2.3) and to solve h-csps
(Section 3.2). In this section, we discuss strategies for combining them into integrated
tamp algorithms. We would like to order the decision-making in a way that minimizes the
overall runtime of the algorithm, for a problem distribution. There are several intuitive
principles for organizing the search, which are sometimes in conflict with one another. One
way to reduce search effort is to prune infeasible decision branches as quickly as possible
(which is sometimes called failing fast (56)). We would also prefer to postpone expensive
computations until most of the rest of a potential solution is found. For example, in many
manipulation applications, collision checking is expensive, due to the geometric complexity
of 3D meshes and the need to check at a fine resolution to ensure safety, so we might wish
to lazily postpone this operation (57, 58). At the same time, we would like to balance the
computational effort spent on each component, for example, by not spending too much
time trying to satisfy the h-csp associated with a single skeleton or even single constraint,
in case it is unsatisfiable. Additionally, information gained in one branch of a high-level
search, such as the solution or infeasibility of a subproblem, can often be re-used to make
another branch of the search more efficient.
We begin by focusing on the overall control flow of tamp algorithms, which determines
the relative ordering of action-sequencing and h-csp (sub) problem solution. There are
three predominant classes of strategies: sequence before satisfy, in which we find whole plan
skeletons and then try to satisfy all of their constraints; satisfy before sequence, in which we
find sets of satisfying assignments for individual constraints and attempt to assemble actions
that use those values into complete plans; and interleaved, in which actions are added to the
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plan and additional constraints are satisfied incrementally. We conclude by addressing an
important aspect of making these approaches efficient, which is to take advantage of previous
subproblem assignments or failures, in order to avoid re-addressing related subproblems.
Figure 11 illustrates the first two classes of tamp strategies as flowcharts.
No
YesSearch for 
Next Plan 
Skeleton 
Sequence Before Joint Satisfy
Solve Plan 
Skeleton’s
H-CSP
Satisfiable?Problem Return Plan
No
YesSample New 
Values from 
Constraints
Individual Satisfy Before Sequence
Search for
Plan Using 
Samples
Solution?Problem Return Plan
Figure 11: Flowcharts for two representative tamp algorithms. Top: an algorithm that
iteratively searches in the space of unbound plans and jointly satisfies the set of constraints
(Section 3.3.1). Bottom: an algorithm that iteratively performs individual sampling before
searching in the space of fully-bound plans (Section 3.3.2).
Throughout the discussion of control structures, it is important to remember that sam-
pling and optimization techniques are typically only semi-complete, in that they are not
able to certify that a problem instance is infeasible—they simply fail to find a solution in
the time available to them. Even for feasible h-csps these algorithms may still need to be
run for an extremely long time if, for example, a feasible problem only admits a tiny volume
of solutions. Handling this is complicated by the fact that we might be forced to consider
a possibly unbounded number of h-csps simultaneously. To simplify the discussion, we
can think about this process happening non-deterministically, where intuitively a separate
thread is created for each h-csp. We can always simulate this behavior in a single process
by appropriately revisiting the threads, making sure that none are starved.
3.3.1. Sequencing first. The earliest algorithms for tamp committed to a strict hierarchy of
first finding an action sequence, and then finding continuous parameter values. For example,
Shakey (2) performed strips planning over high-level abstract actions, such as which room
to move to, and then planned low-level motions that realized the high-level plan, with no
mechanism for finding an alternative high-level plan if the lower-level motions were not
possible. So, Shakey aggressively assumed that problems satisfy the downward refinement
property. More formally, a two-level hierarchy satisfies the downward refinement property if
every solution to the high level can be refined into a solution at the low level (59). When this
property holds, problems can be completely disentangled into separate task planning and
motion planning problems, so an algorithm that determines a plan skeleton based on values
of discrete template arguments strictly before solving the associated constraint-satisfaction
problem is complete. In tamp problems in practice, downward refinement rarely holds.
As soon as geometric or kinematic considerations make some high-level plans infeasible
(because, for example, three objects do not actually fit into the box we planned to put
them in, or because the grasp needed to remove an object from a shelf will not work
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to place it on the stove and there is no surface available to use for regrasping), then we
cannot inflexibly commit to any abstract plan without knowing its geometric and kinematic
feasibility.
However, even when downward refinement does not hold, a top-down problem decom-
position can be very effective, as long as there is a mechanism for “backtracking” and trying
alternative high-level plans when the lower-level solver fails (60, 61, 55). Figure 11 (top)
illustrates this approach, in which there is an outer loop representing a search over legal
plan skeletons; for each plan skeleton, we attempt to solve the associated h-csp and if
we succeed, we return the complete solution, otherwise, we return to the outer loop and
try another skeleton. In many everyday tamp applications, action sequencing is relatively
inexpensive, making it advantageous to find a plausible action sequence before satisfying
constraints. Furthermore, solving h-csps can be computationally expensive, so by only at-
tempting to solve h-csps that correspond to viable plan skeletons, we can potentially save
substantial computation time.
3.3.2. Satisfaction first. An alternative strategy is motivated by the fact that task planning
in finite domains can often be very efficient in even very large problem instances, and
therefore seeks to reduce the hybrid problem of tamp to one or more discretized planning
problems by generating values of continuous quantities, such as poses and configurations,
and computing in advance which constraints they satisfy (22, 14, 21, 55). For example,
one might sample, for an environment with some fixed support surfaces, a set of values pi
such that Stable[A](pi) holds. Approaches that perform satisfaction first almost always
use individual satisfaction (Section 3.2.2), which is typically implemented using sampling,
because they aim to generate values that are useful for a variety of plan skeletons. A single
round of sampling will in general not suffice. When the discrete planning problem given a
particular set of values is infeasible, it is necessary to generate more samples and try again,
as illustrated in Figure 11 (bottom).
Satisfying before sequencing is advantageous when the computational effort of repeat-
edly sequencing and failing to satisfy the associated h-csp outweighs the computational
effort of eagerly generating values that satisfy constraints upfront. This often is the case
when one or more of the following are true: 1) sampling is efficient and does not result in
a combinatorial explosion of sampled values, 2) each discrete action sequencing search has
non-negligible overhead, and 3) sampled values are unlikely to satisfy critical constraints.
3.3.3. Interleaved. There are many ways to interleave the searches for the action sequence
and parameter values. In some cases, we would like to pre-sample state variable values, such
as robot configurations and object poses, but defer the computation of motion parameter
values, such as collision-free trajectories between two robot configurations. In this case, the
domains of the state variables have already been discretized. Conditioned on an assignment
of values to every non-motion parameter (state variable) for an action instance, each motion
parameter is only affected by the constraints of that particular action, which means that the
problem of finding satisfying values for its parameters is independent of finding parameters
for other actions. Thus, the existence of a satisfying assignment to the motion parameters
can be evaluated online during action sequencing in order to only compute values for action
instances encountered during the search. The strategy was first applied to tamp under the
name of semantic attachments (62, 63, 64). Although this strategy limits the amount of
interleaving that is possible, it is appealing in that the state space is fixed during sequencing;
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it only identifies that some transitions are infeasible.
Interleaved action and parameter search can also aid the search for plan skeletons when
sequencing first. One source of search control is to observe that, in order for a plan skeleton
to admit a satisfying assignment, all of its subsequences must also have satisfying assign-
ments. Thus, a partial plan skeleton can be pruned from the search if its h-csp is infeasible.
Some approaches even solve relaxations of the induced h-csps that omit certain constraints
such as motion constraints with many decision variables, which are often satisfiable and
thus are uninformative (65, 66, 67, 61, 68, 69).
A more general control structure is to perform a tree search, with layers alternating
between selecting an action template and sampling parameter values for that action that
satisfy the partial skeleton constraints. A substantial difficulty in this approach is that
tree nodes may have infinitely many successor nodes due to the possibly infinitely many
satisfying parameter values and action instances that could be performed. Thus, it is
important that the search be persistent (70, 71), in the sense that it will revisit previous
search nodes indefinitely in order to generate additional samples for continuous parameters.
3.4. Communication between subproblems
tamp strategies require solving multiple h-csp subproblems. These problems often have
shared substructure that can be exploited, resulting in substantial reductions in compu-
tation. The primary algorithmic question is whether to share information about sets of
constraints that can be satisfied (positive) or about sets of constraints that cannot be satis-
fied (negative). Algorithms that satisfy constraints individually typically take the positive
approach, and algorithms that satisfy constraints jointly typically take the negative ap-
proach. Although we will discuss these approaches separately, it is possible to develop
algorithms that use both, possibly to handle different types of constraints.
3.4.1. Positive methods. Positive methods are straightforward: whenever any h-csp is
solved, whether it contains one or many constraints, they add each constraint in the h-
csp, along with its satisfying assignment, to a database of constraint elements, known
solutions to constraints. For methods that satisfy before sequencing (Section 3.3.2), this
database is used to instantiate action instances before sequencing. If action sequencing fails
to find a solution, the feedback is that the current database is insufficient and more values
must be sampled. Some methods that sequence before satisfying (Section 3.3.1) also use
positive feedback. The focused algorithm presented in (72, 55, 73) plans using a mixed set
of sampled values and free parameters (optimistic values), which represent values that are
not yet available, but that might potentially be generated by a sampler.
3.4.2. Negative methods. Alternatively, instead of recording solutions to constraints, an
algorithm could identify unsatisfiable counterexample h-csps. Because any h-csp that con-
tains an unsatisfiable subproblem is itself unsatisfiable, any h-csp that contains a recorded
counterexample can be pruned; this can, in turn, prevent action sequencing from exploring
plan skeletons that are as-yet unexplored, but have the same failure case as a previously
explored skeleton. Since most h-csp solvers are only semi-decision procedures, they can
never determine with certainty that a problem is infeasible. One way to handle this prob-
lem is to assume unsatisfiability initially, but, as discussed in Section 3.3, allocate a thread
to each h-csp that continually searches for a solution in case one exists. If one of these
www.annualreviews.org • Task and Motion Planning 21
threads returns with a solution, the h-csp is removed from the counterexample set.
A key algorithmic concern here is identifying informative counterexamples. The smaller
a counterexample is, the more h-csps and thus plan skeletons it can prune. For example,
consider the constraint network in Figure 9 and suppose that placement p0 is on a tall
shelf that the robot cannot reach. If we could isolate constraint Kin[A](q1,p0, g2) as the
bottleneck, rather than the full h-csp, any plan skeleton that attempts to pick A at its
initial placement will be pruned, informing the planner that A cannot be manipulated.
The problem of identifying small counterexamples can itself be time-consuming, requir-
ing the original h-csp to be decomposed into smaller h-csps, each of which is individually
tested for unsatisfiability. Several tamp approaches have proposed heuristic methods for
diagnosing failure and repairing the problem (74, 75, 76, 60). There are also several good
domain-independent strategies. For problems in which the state variables are pre-sampled
(3.3.3), the remaining h-csp is often disconnected, and thus each unsatisfiable connected
component can be independently added as a counterexample (77, 78, 79). There are meth-
ods from the discrete sat literature that, for unsatisfiable propositional formulas, identify
unsatisfiable cores (80), small subsets of constraint that cause unsatisfiability. These ideas
can be extended to continuous mathematical programs, where real-valued constraint viola-
tion feedback can improve the efficiency of the search for counterexamples (81, 82, 83).
3.5. Taxonomy
Table 1 illustrates a representative set of mmmp and tamp algorithms, categorized in terms
of how they solve for continuous parameter values and how they combine searching for the
mode-family or task-level structure of a plan with searching for continuous values. This
table is meant to provide broad coverage, but is not exhaustive. Each row lists one of three
strategies for integrating constraint satisfaction and action sequencing: satisfaction first
(Section 3.3.2), interleaved satisfaction and sequencing (Section 3.3.3), and sequencing first
(Section 3.3.1). Each column lists one of three strategies for performing constraint satisfac-
tion: assuming the state variables are pre-discretized and solving for motion parameters,
individual sampling (Section 3.2.2), and joint optimization (Section 3.2.1).
4. EXTENSIONS
There are many ways to extend the basic tamp problem class and associated algorithms;
these are areas of current active research and future interest.
4.1. Kinodynamic systems
We have focused on domains with quasi-static dynamics (after the robot executes an action,
the objects end in a stable state which persists until the robot’s next action) and simple
rigid-body kinematics. Extending tamp to handle deformable objects and liquids as well
as to full dynamics, such as throwing, are important directions. Several tamp approaches
have already demonstrated the ability to plan for kinodynamic systems (100, 68, 69).
4.2. State and action uncertainty
A critical issue when acting in the real world is uncertainty. In the presence of future-
state uncertainty, a planning algorithm might need to take into account multiple possible
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Pre-discretized Sampling Optimization
Satisfaction
First
Ferrer-Mestres∗ (84, 85)
Sime´on† (22)
Hauser† (13, 29, 14)
Garrett∗ (86, 21)
Krontiris† (87, 88)
Akbari∗ (89)
Vega-Brown† (90)
Interleaved
Dornhege∗ (62, 63, 91)
Gaschler∗ (92, 93, 94)
Colledanchise∗ (95)
Gravot∗ (96, 97)
Stilman† (23, 98, 99)
Plaku† (100)
Kaelbling∗ (101, 102)
Barry† (103, 30, 104)
Garrett∗ (70, 71)
Thomason∗ (105)
Kim∗ (106, 107)
Kingston† (108)
Fernandez-Gonzalez∗ (109)
Sequence
First
Nilsson∗ (2)
Erdem∗ (74, 75)
Lagriffoul∗ (65, 66, 67)
Pandey∗ (110, 111)
Lozano-Pe´rez∗ (112)
Dantam∗ (77, 78, 79)
Lo∗ (113)
Wolfe∗ (114)
Srivastava∗ (76, 60)
Garrett∗ (55, 73)
Toussaint∗ (61, 68, 69)
Shoukry∗ (81, 82, 83)
Hadfield-Menell∗ (115)
Table 1: A table that categorizes mmmp and tamp approaches, based on how they solve hc-
sps and how they integrate with constraint satisfaction with action sequencing. Approaches
for mmmp are designated with †, and approaches for tamp are designated with ∗. Each table
cell is listed chronologically.
outcomes of an action and ensure that there are actions it can take in response, to avoid
unlikely but disastrous outcomes. More difficult, but pervasive, is uncertainty about the
present state. In this case, the problem can be treated as a “belief-space” planning problem,
in which the planner reasons explicitly about the agent’s state of information about the
world and takes actions both to gain information and to drive the world into a desired
belief state. Several approaches for deterministic observable tamp have been extended to
handle these challenges. (102, 116, 117, 118)
4.3. Planning and learning
A critical question to ask is where tamp models come from. Most work in tamp assumes
perfect observability, control actuation, and knowledge of the kinematics and shape of
objects. Machine learning methods can help with the process of acquiring models in non-
ideal domains as well as speeding computation. In particular, learning methods can improve
tamp in several ways:
• Learning models. Given a controller, whether acquired via learning or hand-built,
the constraints that allow us to characterize successful executions for the tamp plan-
ner may not be obvious, but they, too, can be learned from experience (8).
• Learning search guidance. Classic task-planning algorithms derive domain-
independent search heuristics from the action descriptions, but there are opportu-
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nities to automatically learn domain-dependent search heuristics (119, 120), in the
form of policies or value function estimates (121) or action-orderings as well (122).
Learning search guidance has been hugely influential in games like Go (123). In tamp
problems, it is more difficult because it is much less clear how to encode the state
of the problem (object shapes and poses) in a way that affords generalization from
current function approximation methods, and because the goal must be encoded into
the prediction as well, but there is initial progress in this area (106, 124, 125).
• Learning sampling guidance. Many tamp planners use conditional samplers as
part of their strategy for solving underlying h-csps. Learning can make sampling
much more effective, in two different ways, one in which the learning happens during a
single search process and one in which the learning happens across problem instances.
In the forward-search algorithms that interleave selection of action and parameters,
we can derive inspiration from Monte Carlo tree search (mcts) (126, 127), in which
experience with trying to expand nodes in a branch of the tree is used to form local
estimates of the likelihood that a solution lies along that branch. Sampling for contin-
uous parameter values can itself be similarly guided, using techniques for optimistic
global optimization (128, 107). Samplers can also be learned from previous experience
using generative models such as Generative adversarial networks (gans) (129).
SUMMARY POINTS
1. tamp selects the sequence of high-level actions that the robot should take, the
hybrid parameter values that determine how the action is performed, and the low-
level motions that safely execute the action.
2. tamp approaches build on research in motion planning, multi-modal motion plan-
ning, and task planning.
3. Many tamp approaches can be seen as integrating a search over plan skeletons
(partially specified plans) and the satisfaction of constraints over hybrid action
parameters.
4. Existing approaches can be usefully categorized according to how they address and
integrate these two types of decisions.
FUTURE ISSUES
1. Further investigation is needed of strategies that combine sampling and optimization
approaches to tamp.
2. tamp methods should be extended to plan in more realistic environments that, for
example, involve deformable objects, time, dynamics, liquids and other agents.
3. Uncertainty is central to all real-world robot applications; future tamp methods
should consider both future-state and present-state uncertainty.
4. Incorporating learning-based methods into planning will enable planners to reason
with learned action models, requiring less human-provided domain knowledge.
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